SEMICONDUCTOR PHOTO-DETECTOR/ SEMICONDUCTOR PHOTO- 
-DETECTION DEVICE, AND PRODUCTION METHODS THEREOF 

This application is based on Japanese Patent 
Application Nos . 9-305148 (1997) filed November 1 , 
1997, 9-305149 (1997) filed November 1 , 1997, 9- 
332587 (1997) filed December 3, 1997, 10-98 (1998) 
filed January 5, 1998, 10-1466 (1998) filed January 
7, 1998, 10-8236 filed January 20, 1998, 10-192793 
(1998) filed July 8, 1998, the contents of which are 
incorporated hereinto by reference. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The present invention relates to a refraction 
type, semiconductor photo-detector, a semiconductor 
photo-detection device comprising the semiconductor 
photo-detector combined with an optical waveguide, 
and production methods thereof. 

DESCRIPTION OF THE RELATED ART 

Conventional refraction type semiconductor 
photo-detectors have a structure in which, as shown 
in Fig. lA, a light incident angled facet 21a is 
formed across a photo-absorption layer 23a from the 
top surface, or, as shown in Fig. IB, an angle 



begins from a layer right beneath a photo-absorption 
layer 23b while contacting with the photo-absorption 
layer 23b (for example, Japanese Patent Application 
9-52760 (1997) ) . 

In Fig. lA, numeral 21a indicates a light 
incident facet, 22a is a p-InP layer, 23a is an 
InGaAs photo-absorption layer, 24a is an n-InP 
layer, 25a is an n-InP layer, 26a is a p electrode, 
and 27a is an n electrode. 

Further, in Fig. IB, numeral 21b indicates a 
light incident facet, 22b is a p-InP layer, 23b is 
an InGaAs photo-absorption layer, 2 4b is an n-InP 
layer, 25b is an n-InP substrate, 2 6b is a p 
electrode-, and 27b is an n-electrode. 

Still further, in Figs. lA and IB, numeral 28 
indicates an optical fiber as an example of an 
optical waveguide for conducting the incident light. 
This optical waveguide 28 is combined with a 
semiconductor photo-detector shown in Fig. lA or IB 
to construct a semiconductor photo-detection device. 

In the production process of above described 
photo-detector, when forming the reverse-mesa 
optical incident facet by using wet etching with 
bromine -methanol or the like, in etching including 
the photo-absorption layer 2 3a as a narrow gap or 
where the photo-absorption layer 23a exists close to 



the etching, the photo-absorption layer 23a as a 
narrow-gap is relatively fast in etching speed and, 
since side etching is liable to occur, an etching 
irregularity such as uneven side etching tends to 
generate during deep etching, resulting in a problem 
of generating fine irregularities or waves on the 
etching surface. 

When the spot size of incident light is large, 
effect of irregularities or waves is small. 
However, when an optical beam is focused and applied 
using a tapered fiber or a lens, this effect becomes 
conspicuous, the beam is diffused, and focusing of 
the beam is degraded. 

Further, in the prior art structure, in order to 
obtain a high-speed response, the incident position 
must be set at the top surface side as possible so 
that the photo-absorption area is the smallest, when 
the incident light position is moved down to the 
substrate side, the photo-absorption part is 
required to be increased in length to make photo- 
absorption possible. 

As a result, the photo-absorption area is 
increased resulting in degraded high-speed response 
characteristics . 

Still further, in the above-described prior art 
semiconductor photo-detector, the chip is formed by 



using cleavage or the like from the vicinity of the 
light incident angled facet. 

Thus, the chip does not have a guide structure 
for optical-connection with an optical waveguide 
such as an optical fiber. 

At the time to connect the optical fiber with 
the photo-detector optically, when the optical beam 
center of the optical fiber is fitted to the center 
of the optical-absorption area of the photo- 
detector, the responsivity becomes maximum, and when 
the optical beam center of the optical fiber is 
shifted from the center of the optical-absorption 
area of the photo-detector, the optical-absorption 
amount of the photo-detector is decreased, thereby 
the responsivity is deteriorated. 

Although permissible range of the shifting 
depends on size of the photo-detector and a 
direction of the shifting, etc., the permissible 
range is usually several jim in the minimum 
direction . 

As a result, in optical coupling with fibers or 
the like, fine mechanical adjustment of fiber 
optical end with an accuracy of several microns is 
required to a position where the responsivity is the 
maximum . 

Therefore, there is a problem in that when 



fabricating a module (semiconductor photo-detection 
device) by combining a photo-detector with a fiber, 
a very precise positioning technique is necessary, 
and even a small deviation generates a degraded 
responsivity or a degraded response speed. 

Therefore, in general, one or two lenses are 
inserted between the photo-detector and the fiber to 
moderate the positioning accuracy. 

However, there is a problem in that the 
insertion of such a lens system leads to increases 
in the number of parts or fabrication steps 
resulting in an increase in module cost. 

Further, there is a report of a structure in 
which to perform good optical coupling with the 
fiber without using the ■ above lens system, the 
photo-detector is mounted on an optical fiber 
holding substrate having a V-shaped groove 
comprising silicon or the like. However, in this 
construction, it is required that the optical fiber 
holding substrate and the photo-detector be 
connected in high mechanical precision, which 
requires a high-precision positioning technique, and 
a small deviation generates reduction of 
responsivity or response speed . 

Still further, even when the lens system is 
inserted as described above, there is some distance 



deviation between the device and the lens system 
during positioning, which is a cause of deviation in 
responsivity in a device with a small misalignment 
tolerance . 

Yet further, in the above-described prior art 
semiconductor photo-detector, the electrodes 26a and 
26b of the upper layer are, in general, alloyed with 
the semiconductor layer by heat treating metals such 
as AuZnNi for the case of p-type or AuGeNi for the 
case of n-type to form ohmic electrodes. 

By virtue of such alloying, fine irregularities 
are generated between the electrodes 2 6a and 2 6b and 
the p-InP layers 22a and 22b as semiconductor, even 
if refracted light reaches here, it is diffuse 
reflected or absorbed by the electrode metal itself, 
and the electrode part is small in light 
reflectivity . 

Therefore, although the thicknesses of the 
photo-absorption layers 23a and 2 3b can be reduced 
by increasing the effective absorption length 
through which the refracted light transits 
diagonally with respect to the layer thickness 
direction which is a characteristic of the 
refraction type semiconductor photo-detector, to 
obtain a sufficiently large responsivity, refracted 
light to the photo-absorption layers 23a and 23b is 



required to be sufficiently absorbed by one transit, 
there has been a limitation in reducing the 
thickness of the photo-absorption layers 23a and 
23b. 

As a result, a transit time of carriers 
transitting the photo-absorption layers 23a and 23b 
is a limitation factor of response speed of the 
semiconductor photo-detector, and there is a problem 
in that an ultra-high speed and high responsivity 
device cannot be fabricated. 

Yet further, iri the prior art refraction type 
semiconductor photo-detection device, for example, 
as shown in Fig. lA, the light incident facet 21a of 
the refraction type semiconductor photo-detector and 
an optical waveguide such as a single mode optical 
fiber are disposed in opposition, and a gas such as 
air or an inert gas is filled in between. 

Here, since the gas has a refractive index of 
nearly 1 and the refractive index of the photo- 
detector material is constant, the refraction angle 
at the light incident facet 21a is determined only 
by the reverse-mesa angle. 

In general, in the production process of 
refraction type semiconductor photo-detector, when 
fabrication is made by deteirmining the reverse-mesa 
angle, mesa angles of devices in the same wafer 



become all in line with each other. 

Since the refraction type semiconductor photo- 
detector utilizes an increase in effective 
absorption length by transiting light the optical 
absorption layer by refraction, the refraction angle 
is determined equally in the prior art, and the 
effective absorption length is also constant. 

Therefore, there is a problem in that to change 
the effective absorption length according to various 
applications, wafers of different mesa angles or 
different absorption layer thicknesses are required 
to be prepared to change the refraction angle. 

SUMMARY OF THE IIWENTION 

A first object of the present invention is, in a 
refraction type photo-detector, to provide a 
refraction type semiconductor photo-detector and a 
production method thereof which has a very flat 
angled light incident facet even to a fine size 
light beam. 

A second object of the present invention is, in 
a refraction type photo-detector, to provide a 
semiconductor photo-detector, a semiconductor photo- 
detection device and production methods thereof 
which are capable of easily making high precision 



optical coupling when making optical coupling with 
fibers . 

Further, a third object of the present invention 
is, in a refraction type photo-detector, to provide 
a semiconductor photo-detector which can provide a 
high responsivity even with a thin optical 
absorption layer and is capable of making ultra- 
high-speed operation . 

Still further, a fourth object of the present 
invention is, in a semiconductor photo-detection 
device comprising a refraction type semiconductor 
photo-detector and an optical waveguide disposed in 
opposition to the photo-detector, to provide a 
semiconductor photo-detection device which is 
capable of making adjustment of responsivity 
according to the application using refraction type 
semiconductor photo-detectors of the same layer 
structure and the same mesa angles . 



Claim \ of the present invention which attains the 
above OOTect is characterized in that: a first 
semiconduaijtor layer having a first conduction type, 
a second semiconductor layer having a second 
conduction tyr)e, and a photo-absorption part 
comprising a p^pto-absorption layer sandwiched 
between the firsS^ semiconductor layer and the second 




semiconductor photo-detector according to 



imiconductor layer are disposed on a substrate: at 
^ lefest the photo-absorption layer is formed at a 

position apart inside by a finite length from an end 
surfkce of the substrate; the end surface of the 
5 seconds semiconductor layer and the substrate or the 
end sur^Eace of the substrate is provided with a 
light ir^cident facet angled inwardly as it separates 
from the ^Burface of the second semiconductor or the 
surface ofXthe substrate; and light incident to the 



y I 

SI 10 light incident facet is refracted at the light 

q 

E 

layer diagonalUy with respect to the layer thickness 



incident face^t and transits the photo-absorption 



direction . 



f: ^rther, a production method of the 

15 semiconductor photo-detector according to Claim 2 of 
) the present invention which attains the above object 

is characterized in that: a first semiconductor 
layer haviVg an intrinsic or a first conduction 
type, a second semiconductor layer having the same 
2 0 first conduction type, and a growth layer comprising 
a photo-absorption part including a photo-absorption 
layer sandwiched between the first semiconductor 
layer and the second semiconductor layer are 
disposed on a subsstrate; a main inside part of the 
25 first semiconductor^^ layer at the surface side, or 
the inside part and Vart of photo-absorption layer 
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jjf \s converted selectively to a second conductxon type 
1d\ diffusion of an impurity; and an end surface of 
th^substrate side growth layer except for the 
phot^&~absorption layer or the substrate is provided 

5 with k light incident facet angled inwardly as it 
separates from the surface side from a position 
apart bi\a finite length in a direction parallel to 
the substsate surface with respect to the photo- . 
absorption V)art comprising the photo-absorption 

0 layer, wherry obtaining a semiconductor photo- 
detector in w\ich incident light is refracted at the 
light incidentXf acet and transits the photo- 
absorption laye A diagonally with respect to the 
layer thickness direction, 

.5 £^^^|[>7 9^111 further, a production method of the 

semiconductor photo-detector according to Claim 3 of 
the present invention which attains the above object 
is charac\erized in that: a first semiconductor 
layer havina an intrinsic or a first conduction 

0 type, a seconxi semiconductor layer having the same 
first conduct dNon type, and a growth layer comprising 
a photo-absorpt\on part including a photo-absorption 
layer sandwiched Nbetween the first semiconductor 
layer and the secoWd semiconductor layer are 

5 disposed on a substrate; a main inside part of the 
first semiconductor layer at the surface side, or 
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he inside part and part of photo-absorption layer 
i^ converted selectively to a second conduction type 
by ^n implantation and subsequent anneal; an end 
surfOTe of the substrate side growth layer except 
5 for th^ photo-absorption layer or the substrate is 
provided with a light incident facet angled inwardly 
as it sepa|rates from the surface side from a 

Ho 

Cr position apjart by a finite length in a direction 

\ 

Q parallel to Vhe substrate surface with respect to 

10 the photo-absWption part comprising the photo- 
absorption layer, whereby obtaining a semiconductor 
f photo-detector i\a which incident light is refracted 

ru at the light inciSent facet and transits the photo- 

=p; absorption layer diSiagonally with respect to the 

15 layer thickness direction.- 
,) ^^^^^^ y^t. further, a semiconductor photo-detector 

according to Claim 4 of the present invention which 
attains \he above object is characterized in that: a 
first conduction type semiconductor layer, a photo- 
20 absorption \ayer comprising an intrinsic or a first 
conduction type semiconductor layer, or a 
superlattice semiconductor layer or a multiple 
quantiam well semiconductor layer, and a schottky 
electrode are disposed on a substrate; a 
25 semiconductor multi jSayered structure of large 

schottky-barrier heigfit having a schottky barrier 
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feigher in schottky barrier height than the schottky 
barrier between the photo-absorption layer and the 
sch\ttky electrode is formed between the photo- 
abso\ption layer and the schottky electrode; and an 
'end surface of the substrate side growth layer 
except the photo-absorption layer or the 

substrare is provided with a light incident facet 
angled inwardly as it separates from the surface 
side from apposition apart by a finite length in a 
direction p^allel to the substrate surface with 
respect to th\ photo-absorption part comprising the 
photo-absorption layer, wherein incident light is 
refracted at thAlight incident facet and transits 
the photo -absorpt\on layer diagonally with respect 
to the layer thickness direction. 
S ^t further, a semiconductor photo-detector 

accordrijg to Claim 5 of the present invention which 
attains Wie above object is, based on the 
semiconduotor photo-detector of Claim 4, wherein the 
semiconductor layer of large schottky-barrier height 
is Ini-x-yGaxA^As {0<x<l, 0<y<l) . 
^\3^^E^ Y^t further, a semiconductor photo-detector 
accordiVg to Claim 6 of the present invention which 
attains ohe above object is, based on the 
semiconductor photo-detector of Claim 4, wherein the 
semiconductok layer of large schottky-barrier height 
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omprises Ini-x-yGaxAlyAs (0<x<l, 0<y<1) and thin 
^ In^uGauAsr-vPv (0<u<l, 0<v<l) disposed thereon. 

\et further, a semiconductor photo-detector 
accordBsxig to Claim 7 of the present inventxon which 
5 attains Vhe above object is, based on the 

semiconductor photo-detector of any one of Claims 4, 
5 and 6, wherein a compositionally graded or step- 
graded layeA from the same composition as the photo- 
absorption layer to the same composition as the 
LO semiconductor \ayer of large schottky-barrier height 
is disposed bet^en the photo-absorption layer * and 
the semiconductor\.layer of large schottky-barrier 
height . 

the invention according to Claims 1 to 7 is 
L5 characterized in that the light incident facet can 
be formed very flat and stable as compared with the 
prior art 

Here, since the light incident facet is formed 
on the substrate side growth layer except for the 

0 photo-absorption layer or on the substrate part from 
a position apart by a finite length with respect to 
the photo-absorption part comprising the photo- 
absorption layer, etching is prevented to the 
narrow-gap photo-absorption layer which is 

5 relatively higher in etching speed during formation 
of the light incident facet, generation of etching 
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irregularity is almost eliminated, and a flat light 
incident facet can be formed with good yield. 

Therefore, in the present invention, a narrow- 
gap photo-absorption layer is not included in the 
semiconductor layer forming the light incident 
facet, and the narrow-gap photo-absorption layer 
part does not contact the light incident facet, 
there is almost no generation of etching 
irregularity such as uneven side etching during deep 
etching, thereby obtaining a very flat light 
incident facet . 

As a result, diffusion on the facet is prevented 
for a light beam focused using a tapered fiber or a 
lens, beam focusing is maintained, light can be 
absorbed by a small photo-absorption area, and an 
ultrafast photo-detector can be fabricated. 

Further, fabrication of the photo -absorption 
part apart by a finite length from the light 
incident facet means that the photo-absorption part 
can be fabricated completely independent of the 
light incident facet, therefore, when light is 
incident by focusing with a lens or the like, the 
photo-absorption part of the device can be decreased 
in size to the same level as the beam size of the 
focus, thereby enabling ultrafast response. 

Still further, since, even when the light 



et further, a semiconductor photo-detector 



incident position is moved down with respect to the 
top surface, the photo-absorption part can be set at 
an optimum position without increasing the photo- 
absorption area in consideration of refraction 
accordingly, and flexible construction is possible 
such as in hybrid integration on a silica-based 
lightwave circuit or the like. 

according to Claim 8 of the present invention which 

10 attains \he above object is characterized in that: a 
photo-abs6rption part comprising a semiconductor 
multilayerXstructure including a photo-absorption 
layer is provided on a substrate, an end surface is 
provided witA a light incident facet angled inwardly 

15 as it separatee from the surface side, and a V- or 
U-shaped grooveVis provided in opposition to the 
light incident fa^et, whereby light incident from an 
optical fiber disposed in the groove is refracted at 
the light incident Vacet and transits the photo- 

20 absorption layer diagonally with respect to the 
layer thickness direction. 
S^^^ further, a production method of 

semicori^ctor photo-detector according to Claim 9 of 
the present invention which attains the above object 

25 is, based ofa the production method of semiconductor 
photo-detector according to Claim 8, wherein the 
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* ght incident facet and the V- or U-shaped groove 
a3:\ formed simultaneously by etching. 



:^et further, a semiconductor photo-detector 
according to Claim 10 of the present invention which 
attains V:he above object is, based on the 
semicondixttor photo-detector according to Claim 8, 
wherein th2i light incident facet and its vicinity 
are buried iSa an organic substance. 
^ l^y^ Y^t further, a production method of 
semiconductor photo-detection device according to 
Claim ll\of the present invention which attains the 
above obj^^ct is fabricated, using the semiconductor 
photo-deteotor according to Claim 10, after making 
optical coupling with an optical waveguide, by 
removing the \rganic substance. 
^^^v'Y^t further, a production method of 
semicoAxiuctor photo-detection device according to 
Claim l^of the present invention which attains the 
above objVct is characterized in that, using the 
semiconductor photo-detector according to Claim 10, 
after making optical coupling with an optical 
waveguide, spa^e between the semiconductor photo- 
detector and tire optical waveguide is buried in with 
an ^organic substa^ice. 

the invention according to Claims 8 to 12 , 
the devu.ce has a groove in opposition to the light 
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i^ident facet to be a fiber guide for conducting 
incident light, which part acts as a fiber guide, 
and nigh precision positioning is possible only by 
setting the fiber. 

Further, by using a monolithic construction in 
which the present devices are arranged in parallel 
on a single chip, optical coupling is possible with 
multiple fibers collectively with high precision. 

Still further, this device has a V- or U-shaped 
groove in opposition to the light incident facet, 
and the light incident facet part and its vicinity 
are buried in an organic substance. 

Therefore, the V- or U-shaped groove part acts 
as a guide of optical waveguide such as a fiber or 
the like, and, since the light incident facet is 
protected with the organic substance, high precision 
optical coupling is possible by butting. 

Yet further, by using a monolithic construction 
in which the present devices are arranged in 
parallel on a single chip, optical coupling is 
possible with multiple fibers collectively with high 
precision . 

^^^^^y\^ further, a semiconductor photo-detector 
accordii^ to Claim 13 of the present invention which 
attains the above object is characterized in that: a 
photo-absorijption part comprising a semiconductor 
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C'^ynVltilc 



^''^^Vltilayer structure including a photo-absorption 

laVer is provided on a substrate; an end surface is 
provd.ded with a light incident facet angled inwardly 
as itXseparates from the surface side, the substrate 
5 is protyruded by a finite length from a tip part of 
the end Vurface, and light incident from an optical 
waveguide \ precisely positioned by contacting 
against theV^rotruded part of the substrate, is 
refracted at Vhe light incident facet and transits 
10 the photo-absor^ption layer diagonally with respect 
to the layer thi\kness direction. 



ice in the device of the invention according 



to Claini 13, part of substrate is protruded by a 
finite length from the tip of the light incident 
15 facet, this, part acts as a stopper when a fiber is 
brought clo^ from a far end in the optical axis 
direction, ancl the fiber tip will never contact 
against the important light incident facet to be 
damaged . 

20 With the present invention, as compared with the 

prior art, optical coupling in the optical axis 
direction with a fiber or the like can be achieved 
precisely without delicate mechanical positioning. 
Oji^^ ^t further, a semiconductor photo-detector 

25 accordrfag to Claim 14 of the present invention which 
attains D^ie above object is characterized in that: a 
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'Ahoto-absorption part comprising a semiconductor 
multilayer structure including a photo-absorption 
laVer is provided on a substrate; an end surface is 
prodded with a light incident facet angled inwardly 
as itX separates from the surface side, a main 
reachikg area of refracted incident light at the 
semiconquctor layer above the photo-absorption layer 
is te2rmi:pated with a substance having a smaller 
refractivA index than the semiconductor layer, 
incident liNght is refracted at the light incident 
facet and trVnsits the photo-absorption layer - 
diagonally wiVh respect to the layer thickness 
direction, andXthe transit light is total reflected 
by the substance^ of small refractive index on the 
semiconductor layter above the photo-absorption 
layer . 



A*^^^/s^nce, in the device of the invention according 
to CladSjTi 14, a main reaching area of refracted 
incidentX light at the semiconductor layer above the 
photo- absorption layer is terminated with a 
substance kaving a smaller refractive index than the 
semi conduct Oar layer, light is completely total 
reflected onVhe upper surface, the refracted light 
transits two tVmes the photo-absorption layer, and 
the effective absorption length is increased to two 
times . \ 
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Therefore, thickness of the photo-absorption 
layer to obtain a high responsivity can be 
considerably reduced. 

Due to the remarkable decrease in the photo- 
absorption layer thickness, ultrafast operation of 
the device is possible while maintaining a high 
responsivity. 



^^I^;^/ A semiconductor photo-detection device according 
to ClajSm 15 of the present invention which attains 
the abov\ object is characterized by comprising a 
refraction type semiconductor photo-detector 
comprising \a photo- absorption part including a 
semiconductor multilayer structure including a 
photo-absorpt\on layer disposed on a substrate and 
an end surf aceV)rovided with a. light incident facet 
angled inwardly ^s it separates from the surface 
side, and an optical waveguide disposed in 
opposition to the c^vice; space between the 
refraction type semoSconductor photo-detection device 
and the optical waveguide is buried in a solid or 
liquid; whereby light incident to the light incident 
facet of the photo-deteotion device from the optical 
waveguide is refracted atXthe light incident facet 
and transits the photo-absOirption layer diagonally 
with respect to the layer tlXckness direction. 




,nce in the semiconductor photo-detection 



^evice of the invention according to Claim 15, space 
between the refraction type semiconductor photo- 
detector and the optical waveguide is buried in a 
soli A or liquid having a refractive index of greater 
than ry, by appropriately selecting the solid or 
liquid Vsed to change the refractive index, it is 
possibleXto change the refraction angle on the 
photo-detactor incident facet even when using a 
refraction Vype semiconductor photo-detector cut 
from the samte wafer having the same layer structure 
and the same mesa angle construction, thus the • 
responsiyity c^n be adjusted according to the 
application- 

The above and other objects, effects, features 
and advantages of the present invention will become 
more apparent from the following description of 
embodiments thereof taken in conjunction with the 
accompanying drawings . 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. lA is a sectional diagram showing an 
example of prior art semiconductor photo-detector; 

Fig. IB is a sectional diagram showing another 
example of prior art semiconductor photo-detector; 

Fig. 2 is a sectional diagram showing a 



semiconductor photo-detector according to a first 
embodiment of the present inventions- 
Fig. 3 is a sectional diagram showing a 
semiconductor photo-detector according to a second 
embodiment of the present inventions- 
Fig. 4 is a sectional diagram showing a 
semiconductor photo-detector according to a third 
embodiment of the present inventions- 
Fig. 5 is a sectional diagram showing a 
semiconductor photo-detector according to a fourth 
embodiment of the present inventions- 
Fig. 5 is a sectional diagram showing a 
semiconductor photo-detector according to a fifth 
embodiment of the present inventions* 

Fig. 7 is a graph showing a calculation result 
of reverse-mesa angle (6) dependence of internal 
quantum efficiency in a 1 |im thick InGaAs photo- 
absorption layer to wavelength 1.55 ^im light in the 
fifth embodiment of the present inventions- 
Fig. 8A is a graph showing a result of incident 
position dependence of responsivity measured when ' 
incident beam position is moved in a horizontal (X) 
direction in the semiconductor photo-detector of the 
fifth embodiment of the present inventions- 
Fig. 8B is a graph showing a result of incident 
position dependence of responsivity measured when 



incident beam position is moved in a vertical (Y) 
direction in the semiconductor photo-detector of the 
fifth embodiment of the present inventions- 
Fig. 9 is a graph showing frequency response 
characteristic of a module fabricated using the 
semiconductor photo-detector of the. fifth embodiment 
of the present invention at a bias voltage of 5V. 

Fig. 10 is a sectional diagram showing a 
semiconductor photo-detector according to a sixth 
embodiment of the present invention; 

Fig. 11 is a graph showing a calculation result 
of reverse-mesa angle (G) dependence of internal 
quantum efficiency in a 1 fim thick InGaAs photo- 
absorption layer to wavelength 1.55 |im light in the 
sixth embodiment of the present inventions- 
Fig. 12A is a graph showing a result of 
incident position dependence of responsivity 
measured when incident beam position is moved in a 
horizontal (X) direction in the semiconductor photo- 
detector of the sixth embodiment of the present 
invent ion ; 

Fig. 12B is a graph showing a result of 
incident position dependence of responsivity 
measured when incident beam position is moved in a 
vertical (Y) direction in the semiconductor photo- 
detector of the sixth embodiment of the present 



invention; 

Fig. 13 is a graph showing frequency response 
characteristic of a module fabricated using the 
semiconductor photo-detector of the sixth embodiment 
of the present invention at a bias voltage of 5V. 

Fig. 14 is a perspective diagram showing a 
semiconductor photo-detector according to a seventh 
embodiment of the present invention; 

Fig. 15 is a perspective diagram showing a 
semiconductor photo-detector according to an eighth 
embodiment of the present invention; 

Fig. 16 is a graph showing a calculation result 
of extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of substance between the device and fiber 
when light of wavelength 1.55 Jiim is incident at a 
mesa angle of 55 degrees in a InP substrate of the 
semiconductor photo-detector in the eighth 
embodiment of the present invention. 

Fig, 17 is a perspective diagram showing a 
semiconductor photo-detector according to a ninth 
embodiment of the present invention; 

Fig, 18 is a sectional perspective diagram of a 
photo-absorption region of the semiconductor photo- 
(ietector according to the ninth embodiment of the 
present invention ; 



Fig. 19 is a perspective diagram showing a 
semiconductor photo-detector according to a tenth 
embodiment of the present invention; 

Fig. 2 0 is a perspective diagram showing a 
semiconductor photo-detector according to an 
eleventh embodiment of the present inventions- 
Fig . 21 is a perspective diagram showing a 
semiconductor photo-detector according to a twelfth 
embodiment of the present inventions- 
Fig. 22 is a perspective diagram showing a 
semiconductor photo-detector according to a 
thirteenth embodiment of the present inventions- 
Fig. 2 3 is a sectional perspective diagram of a 
photo-absorption region of the semiconductor photo- 
detector according to the thirteenth embodiment of 
the present inventions- 
Fig. 24 is a perspective diagram showing a 
semiconductor photo-detector according to a 
fourteenth embodiment of the present inventions- 
Fig. 2 5 is a perspective diagram showing a 
semiconductor photo-detector according to a 
fifteenth embodiment of the present inventions- 
Fig. 26 is a perspective diagram showing a 
semiconductor photo-detector according to a 
sixteenth embodiment of the present inventions- 
Fig. 27 is a perspective diagram showing a 



semiconductor photo-detector according to a 
seventeenth envbodiment of the present inventions- 
Fig. 28 is a perspective diagram showing a 
semiconductor photo-detector according to an 
eighteenth embodiment of the present inventions- 
Fig. 2 9 is a graph showing a calculation result 
of extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of substance between the device and fiber 
when light of wavelength 1.55 pm is incident at a 
mesa angle of 55 degrees in a InP substrate of -the 
semiconductor photo-detector in the eighteenth 
embodiment of the present invention. 

Fig. 3 0 is a perspective diagram showing a 
semiconductor photo-detector according to a 
nineteenth embodiment of the present inventions- 
Fig. 31 is a perspective diagram showing a 
semiconductor photo-detector according to a 
twentieth embodiment of the present inventions- 
Fig. 32 is a perspective diagram showing a 
semiconductor photo-detector according to a twenty- 
first embodiment of the present inventions- 
Fig. 33 is a perspective diagram showing a 
semiconductor photo-detector according to a twenty- 
second embodiment of the present inventions- 
Fig. 3 4 is a graph showing a calculation result 



of extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of substance between the device and fiber 
when light of wavelength 1.55 |Liin is incident at a 
mesa angle of 55 degrees in a InP substrate of the 
semiconductor photo-detector in the twenty-second 
embodiment of the present invention. 

Fig. 3 5 is a perspective diagram showing a 
semiconductor photo-detection device according to a 
twenty-third embodiment of the present invention; 

Fig. 3 6 is a graph showing a calculation xesult 
of extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of substance between the device and fiber 
when light of wavelength 1.55 jiia is incident at a 
mesa angle of 55 degrees in a InP substrate of the 
semiconductor photo-detector in the twenty-third 
embodiment of the present invention. 

Fig. 37 is an enlarged diagram of the light 
incident facet part of the semiconductor photo- 
detection device according to the twenty-third 
embodiment of the present inventions- 
Fig. 3 8 is a perspective diagram showing a 
semiconductor photo-detection device according to a 
twenty- fourth embodiment of the present invention. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



Embodiment 1 

A first embodiment of the present invention is 
shown in Fig . 2 . 

In Fig, 2, n-umeral 11 indicates a light incident 
facet, 12 is a 1 |iin thick p-InP layer (first- 
semiconductor layer), 13 is a 1.0 (xm thick InGaAs 
photo-absorption layer, 14 is a 1 pm thick n-InP 
layer (second semiconductor layer) , 15 is a semi- 
insulating InP substrate, 16 is a p-electrode, and 
17 is an n-electrode. The device has a photo- 
absorption layer area of 10 |xm x 20 jim. 

The p-InP layer 12 and the photo-absorption 
layer 13 are formed on a part which is separated 
inside by a finite length (5 (im in this embodiment) 
in a direction parallel to the substrate surface 
from the n-InP layer 14 and an end surface 5 00 of 
the substrate. The light incident facet 11 is 
formed in a shape angled inwardly as it separates 
from the n-InP layer 14 or the surface of the 
substrate 15 . 

A production method of the photo-detector formed 
in the shape mentioned above will be described as 
follows- 



In the present embodiment, the light incident 
facet 11 was formed by utilizing wet etching with 
bromine -methanol of a (001) surface wafer to expose 
a (111) A plane. 

Since, in this case, reverse-mesa etching is 
performed on the n-InP layer 14 and the semi- 
insulating InP substrate which are comprised only 
InP, the uniform, flat angled light incident facet 
11 can be formed with a good yield. 

Further, an etching mask is formed at a position 
8 |im apart from the photo-absorption part including 
the photo-absorption layer 13, and deep reverse-mesa 
etching of about 30 |LLm is performed, in this case, 
side etching of about 3 )Lim occurs, however, in the 
photo-absorption part does not contact the side 
etching part, therefore, an abnormal side etching, 
etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer 13 will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or dry etching, or 
utilizing other crystal plane, or utilizing adhesion 
of the etching. mask to control the angle. 

By any method, since the etching object is only 



InP layer of uniform composition, etching 
irregularity is hard to occur, and a flat light 
incident facet 11 can be formed with a good yield. 

Because a very flat light incident facet 11 can 
be formed as described above, by forming an anti- 
reflection coating film on the light incident facet 
11, in light of 1.3 |Lim in wavelength of focused beam 
diameter by a tapered fiber, the refracted light is 
introduced into the photo-absorption part with good 
focus without diffusion of the beam on the light 
incident facet 11, and a high responsivity of more 
than 0 . 8 A/W is obtained at an applied reverse bias 
of 1.5V. 

Further, since photo-absorption can be achieved 
with such a small-sized photo-absorption area, high 
speed operation of a 3 dB bandwidth of 40 GHz was 
possible . 

As described above, fabrication of the photo- 
absorption part apart from the light incident facet 
11 means that the photo-absorption part can be 
fabricated completely independent of the light 
incident facet 11, therefore, when light is incident 
by focusing with a lens or the like, the photo- 
absorption part of the device can be small-sized to 
the same level as the beam size of focus, thereby 
enabling ultrafast response. 



still further, since, even when the light 
incident position is moved down to the substrate 
side relative to the top surface, the photo- 
absorption part can be set at an optimum position 
without increasing the photo-absorption area in 
consideration of refraction, in hybrid integration 
on a PLC (Planar Lightwave Circuit) which is a 
silica-based lightwave circuit, flexible 
construction is possible without degradation of 
high-speed performance due to a change of optical 
axis position. 

The present embodiment is an example using an n- 
InP layer at the substrate side, however, a p-InP 
layer can be used by reversing the above p and n, 
and an n-InP or p-InP substrate can also be used for 
the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer 13, however, it 
is needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 



InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 2 

A second embodiment of the present invention is 
shown in Fig . 3 . 

In Fig. 3, numeral 31 indicates a light incident 
facet, 32 is a 1 pm thick JnP layer (first 
semiconductor layer), 32-2 is a p-InP layer (first 
semiconductor layer) formed by Zn diffusion, 33 is a 
1.0 i\m thick InGaAs photo-absorption layer, 34 is a 
1 |LLm thick n-InP layer (second semiconductor layer) , 
35 is a semi -insulating InP substrate, 36 is a p 
electrode, and 37 is an n electrode. The device has 
a photo-absorption layer area of 10 )Hm X 20 |im. 

Also in the construction shown in Fig. 3, 
configuration relation between the photo-absorption 
layer 33 and the light incident facet 31 is the same 
as in the above-described embodiment 1 (Fig. 2) . 

In the present embodiment, the light incident 
facet 31 was formed by utilizing wet etching of a 
(001) surface wafer using bromine -methanol to expose 
a (111) A plane. 

Since, in this case, reverse-mesa etching is 
performed by wet etching to the n-InP layer 34 and 



the InP substrate 35 composed only of InP, a uniform 
angled light incident facet 31 of good flatness can 
be formed with a good yield. 

Further, an etching mask is formed at a position 
8 |Jjn apart from the photo-absorption part including 
the photo-absorption layer 33, and deep reverse-mesa 
etching of about 30 |im is perfoimed, in this case, 
side etching of about 3 |iLm occurs, however, in the 
photo-absorption part does, not contact the side 
etching part, therefore, an abnormal side etching, 
etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer 33 will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or dry etching, or 
utilizing other crystal plane, or utilizing adhesion 
of the etching mask to control the angle. 

By any method, since the etching object is only 
InP layer of uniform composition, etching 
irregularity is hard to occur, and a flat light 
incident facet 31 can be foimied with a good yield. 

Because a very flat light incident facet 31 can 
be formed as described above, by forming an anti- 
reflection coating film on the light incident facet 



31, in light of 1.3 iJm in wavelength of focused beam 
diameter by a tapered fiber, the refracted light is 
introduced into the photo-absorption part with good 
focus without diffusion of the beam on the light 
incident facet 31, and a high responsivity of more 
than 0.8 A/W was obtained at an applied reverse bias 
of 1.5V. 

A dark current of a sufficiently small value of 
about 10 pA was obtained even after foirmation of the 
anti-reflection coating film. 

Further, since photo-absorption can be achieved 
with such a small-sized photo-absorption area, high 
speed operation of a 3 dB bandwidth of 40 GHz was 
possible . 

As described above,- fabrication of the photo- 
absorption part apart from the light incident facet 
31 means that the photo-absorption part can be 
fabricated completely independent of the light 
incident facet 31, therefore, when light is incident 
by focusing with a lens or the like, the photo- 
absorption part of the device can be small-sized to 
the scime level as the beam size of focus, thereby 
enabling ultrafast response. 

Still further, since, even when the light 
incident position is moved down to the substrate 
side relative to the top surface, the photo- 



absorption part can be set at an optimum position 
without increasing the photo-absorption area in 
consideration of refraction, in hybrid integration 
on a PLC which is a silica-based lightwave circuit, 
flexible construction is possible without 
degradation of high-speed performance due to a 
change of optical axis position. 

In the present embodiment, the conduction type 
of semiconductor of the main part at the surface 
side is determined by Zn diffusion, however, 
alternatively, it may be determined by an ion 
implantation method and subsequent anneal . 

The present embodiment is an example using an n- 
InP layer at the substrate side, however, -a p-InP 
layer can be used by reversing the above p and n, 
and an n-InP or p-InP substrate can also be used for 
the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer 33, however, it 
is needless to say that a SAGM ( Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 



• 



material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 3 

A third embodiment of the present invention is 
shown in Fig . 4 . 

In Fig. 4, niomeral 41. indicates a light incident 
facet, 42 is a 0.2 |Lim thick undoped or n"-InAlAs 
layer, 43 is a 0.1 |Liin thick undoped or 
n--Ini_x-yGaxAlyAs (0<x<l, 0<y<l) in which the 
composition is smoothly changed from InAlAs to 
InGaAs, 44 is a 1 pin thick undoped or n--InGaAs 
photo-absorption layer, 45 is a 1 fim thick n-InP ' 
layer, 46 is a semi-insulating InP substrate, 47 is 
a Pt/Ti/Au schottky electrode, and 48 is an ohmic n 
electrode. The device has a photo-absorption layer 
area of 10 |Ltm X 20 lim. 

Also in the construction shown in Fig. 4, 
configuration relation between the photo-absorption 
layer 44 and the light incident facet 41 is the same 
as in embodiment 1 described above (Fig.. 2). 

Because light transits obliquely with respect to 
the photo-absorption layer 44 due to refraction of 
light on the light incident facet 41, the effective 



absorption length is increased. 

Further, because the schottky electrode 47 acts 
as a reflection mirror to refracted incident light 
so that the absorption length equivalently becomes 
further two times, by forming an anti-reflection 
coating film on the light incident facet 41 with a 
photo-absorption layer thickness of 1 |im, a large 
responsivity of more than 0-9 A/W at a wavelength of 
1-3 |im was obtained at an applied reverse bias of 
1.5V. 

In the present embodiment, the light incident 
facet 41 was formed by utilizing wet etching of a 
(001) surface wafer using bromine -methanol to expose 
a (111) A plane. 

Since, in this case , reverse-mesa etching is 
performed on the n-InP layer 45 and the InP 
substrate 46 which are composed only of InP, a 
uniform angled light incident facet 41 of good 
flatness can be formed with a good yield. 

Further, an etching mask is formed at a position 
8 |im apart from the photo-absorption part including 
the photo-absorption layer 44, and deep reverse-mesa 
etching of about 3 0 [im is performed, in this case, 
side etching of about 3 pm occurs, however, the 
photo-absorption part does not contact the side 
etching part, therefore, abnormal side etching. 



etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer 44 will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 

By any of the methods, since the etching object 
is only InP layer of uniform composition, etching 
irregularity is hard to generate, and a flat light 
incident facet 41 can be formed with a good yield. 

Because a very flat light incident facet 41 can 
be formed as described above, by forming an anti- 
reflection coating film on the light incident facet 
41, for light of 1.3 Jim in wavelength of focused 
beam diameter by a tapered fiber, the refracted- 
light is introduced into the photo-absorption part 
with good focus without diffusion of the beam on the 
light incident facet 41. 

A dark current of a sufficiently small value of 
about 1 nA was obtained even after formation of the 
anti-reflection coating film. 

Further, since photo-absorption can be achieved 
with such a small-sized photo-absorption area, high 



speed operation of a 3 dB bandwidth of 30 GHz was 
possible - 

As described above, fabrication of the photo- 
absorption part apart from the light incident facet 
41 means that the photo-absorption part can be 
fabricated completely independent of the light 
incident facet 41, therefore, when light is incident 
by focusing with a lens or the like, the photo- 
absorption part of the device can be small-sized to 
the same level as the beam size of focus, thereby 
enabling ultrafast response. 

Still further, since, even when the light 
incident position is moved down to the substrate 
side relative to the top surface, the photo- 
absorption part can be set at an optimum position 
without increasing the photo-absorption area in 
consideration of refraction, in hybrid integration 
on a PLC which is a silica-based lightwave circuit, 
flexible construction is possible without 
degradation of high-speed performance due to a 
change of optical axis position- 
In the present embodiment, for smooth connection 
of the conduction band as well as the valence band, 
a compositionally graded layer 43 is used in which 
composition is smoothly changed from InAlAs to 
InGaAs, however, as the layer 43, a quasi-graded 



layer may be used which is composed of a step-graded 
layer including multilayered semiconductor thin 
films of more than one layer. 

Further, also between the layers 44 and 45, 
smooth connection of both the conduction band and 
valence band may be achieved using Ini-uGauAsi_vPv 
(0<u<l, 0<v<l) step-graded layer in which 
composition is changed from InGaAs to InP or a 
quasi-graded layer. 

Yet further, as a semiconductor photo-detection 
device, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode 47 which has a schottky-barrier higher 
than the schottky barrier between the photo- 
absorption layer 44 and the schottky electrode 47 
may be constructed on the substrate, between the 
photo-absorption layer 44 comprising an intrinsic or 
first conduction type semiconductor layer, a 
superlattice semiconductor layer, or a multiple 
quantum well semiconductor layer and the schottky 
electrode 47 . 

Yet further, as the semiconductor layer of large 
schottky barrier height, Ini-x-yGaxAlyAs (0<x<l, 
0<y<l) can be used. 

The present embodiment is an example using an n- 
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inP layer at the substrate side, however, a p-InP 
layer can be used by reversing the above p and n, 
and an n-InP or p-InP substrate can also be used for 
the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer 44, however, it 
is needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other . 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/ InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 4 

A fourth embodiment of the present invention is 
shown in Fig . 5 . • 

In Fig. 5, numeral 51 indicates a light incident 
facet, 59 is a 5 nm thick undoped or n--InP layer, 52 
is a 0.2 |Jiu thick undoped or n--InAlAs layer, 53 is a 
0.1 pm thick undoped or n--Ini_x-yGaxAlyAs (0<x<l, 
0<y<l) layer in which composition is smoothly 
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changed from InAlAs to InGaAs, 54 is a 1 |iin thick^ 
undoped or n-InGaAs photo-absorption layer, 55 is a 
1 ixm thick n-InP layer, 56 is a semi-insulating InP 
substrate, 57 is a Pt/Ti/Au schottky electrode, and 
58 is an ohmic n electrode. The device has a photo- 
absorption layer area of 10 pin x 20 |Lm. 

Also in the construction shown in Fig. 5, 
configuration relation between the photo-absorption 
layer 54 and the light incident facet 51 is the same 
as in embodiment 1 described above (Fig. 2). 

Since, in the present embodiment, a very thin 
InP layer 59 is used on the top surface, it has a 
high surface oxidation resistance as compared with 
InAlAs . 

Because light transits obliquely with respect to 
the photo-absorption layer 54 due to reflection of 
light on the light incident facet 51, the effective 
absorption length is increased. 

Further, because the schottky electrode 57 acts 
as a reflection mirror to refracted incident light 
so that the absorption length is increased 
equivalently by two times, by forming an anti- 
reflection coating film on the light incident facet 
51 with a photo-absorption layer thickness of 1 pm, 
a large responsivity of more than 0.9 A/W at a 
wavelength of 1.3 \m was obtained at an applied 



reverse bias of 1.5V. 

In the present embodiment, the light incident 
facet 51 was formed by utilizing wet etching of a 
(001) surface wafer using bromine -methanol to expose 
a (111) A plane. 

Since, in this case, reverse-mesa etching is 
performed on the n-InP layer 55 and the InP 
substrate 56 which are composed only of InP, a 
uniform angled light incident facet 51 of good 
flatness can be formed with a good yield. 

Further, an etching mask is formed at a position 
8 |im apart from the photo-absorption part including 
the photo -absorption layer 54, and deep reverse-mesa 
etching of about 3 0 |Uim is performed, in this case, 
side etching of about 3 jim occurs, however, the 
photo-absorption part does not contact the side 
etching part, therefore, abnormal side etching, 
etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer 54 will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 
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By any of the methods, since the etching object 
is only InP layer of uniform composition, etching 
irregularity is hard to generate, and a flat light 
incident facet 51 can be formed with a good yield. 

Because a very flat light incident facet 51 can 
be formed as described above, by foirming an anti- 
reflection coating film on the light incident facet 
51, for light of 1.3 |im in wavelength of focused 
beam diameter by a tapered fiber, the refracted 
light is introduced into the photo-absorption part 
with good focus without diffusion of the beam on the 
light incident facet 51. 

A dark current of a sufficiently small, value of 
about 1 nA was obtained even after formation of the 
anti-reflection coating film. 

Further, since photo-absorption can be achieved 
with such a small-sized photo-absorption area, high 
speed operation of a 3 dB bandwidth of 3 0 GHz was 
possible . 

As described above, fabrication of the photo- 
absorption part apart from the light incident facet 
51 means that the photo-absorption part can be 
fabricated completely independent of the light 
incident facet 51, therefore, when light is incident 
by focusing with a lens or the like, the photo- 
absorption part of the device can be small-sized to 
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the same level as the beam size of focus, thereby 
enabling ultrafast response. 

Still further, since, even when the light 
incident position is moved down to the substrate 
side relative to the top surface, the photo- 
absorption part can be set at an optimum position 
without increasing the photo-absorption area in 
consideration of refraction, in hybrid integration 
on a PLC which is a silica-based lightwave circuit, 
flexible construction is possible without 
degradation of high-speed performance due to a- 
change of optical axis position. 

In the present embodiment-, for smooth connection 
of the conduction band as Well as the valence band, 
a compositionally graded layer 53 is used in which 
composition is smoothly changed from InAlAs to 
InGaAs, however, as the layer 53, a quasi-graded 
layer may be used which is composed of a step-graded 
layer including multilayered semiconductor thin 
films of more than one layer. 

Further, also between the layers 54 and 55, 
smooth connection of both the conduction band and 
valence band may be achieved using Ini_uGauAsi-vPv 
(0<u<l, 0<v<l) step-graded layer in which 
composition is changed from InGaAs to InP or a 
quasi-graded layer. 



Yet further, as a semiconductor photo-detection 
device, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode 57 which has a schottky-barrier higher 
than the schottky barrier between the photo- 
absorption layer 54 and the schottky electrode 57 
may be constructed on the substrate, between the 
photo-absorption layer 54 comprising an intrinsic or 
first conduction type semiconductor layer, a 
superlattice semiconductor layer, or a multiple 
quantum well semiconductor layer and the schottky 
electrode 57. 

Yet further, as the semiconductor layer of large 
schottky barrier height, Ini-x-yGaxAlyAs (0<x$l, 
0<y<l) can be used, and it may be constructed with a 
semiconductor comprising Ini-x-yGaxAlyAs (0<x<l, 
0<y<l) and thin Ini-uGauAsi-vPv (0<u<l, 0<v<l) 
disposed thereon. 

The present embodiment is an example using an n- 
InP layer at the substrate side, however, a p-InP 
layer can be used by reversing the above p and n, 
and an n-InP or p-InP substrate can also be used for 
the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer 54, however, it 
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is needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 5 

A fifth embodiment of the present invention is 
shown in Fig. 6. 

In Fig. 6, niimeral 61 indicates a light incident 
facet, 62 (first semiconductor layer) is a p-type 
semiconductor layer composed of from the upper 
layer, a 0 . 1 jim thick p-InGaAs contact layer, a 1.3 
Jim thick p-InP layer, and a 0 . 2 |im thick p-InGaAsP 
layer (1.15 |LLm wavelength composition), 63 is a 1.0 
\m thick InGaAs photo-absorption layer, 64 (second 
semiconductor layer) is an n-type semiconductor 
layer composed of from the upper layer, a 2 |im thick 
n-InGaAsP layer (1,15 |Jin wavelength composition) and 
0.2 |im thick InP layer, 65 is a semi-insulating InP 



substrate,/ 66 is a p electrode, and 67 is an n 
electrode. The device has a photo-absorption layer 
area of 14 pti x 20 |iin. 

Also in the construction shown in Fig, 6, 
configuration relation between the photo-absorption 
layer 63 and the light incident facet 61 is the same 
as in embodiment 1 described above (Fig. 2). 

Fig- 7 is a calculation result of reverse-mesa 
angle (0) dependence of internal quantum efficiency 
in the 1 Jim thick InGaAs photo-absorption layer to 
wavelength 1.55 Jiim light. As the reverse-mesa -angle 
(0) increases, the effective absorption length 
increases and the internal quantum efficiency 
increases . 

Further, in the present embodiment, the light 
incident facet 61 was formed by utilizing wet 
etching of a (001) surface wafer using bromine- 
methanol to form a (111) A plane with an angle of 
54^44' relative to the surface. 

Since, in this case, reverse-mesa etching is 
performed on the InP substrate 65 which is composed 
only of InP, a uniform angled light incident facet 
of good flatness can be formed with a good yield. 

Further, an etching mask is formed at a position 
8 lim apart from the photo-absorption part including 
the photo-absorption layer 63, and deep reverse-mesa 



etching of about 3 0 |iin is performed, in this case, 
side etching of about 3 |Jin occurs, however, the 
photo-absorption part does not contact the side 
etching part, therefore, abnormal side etching, 
etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 

By any of the methods, since the etching object 
is only InP layer of uniform composition, etching 
irregularity is hard to generate, and a flat light 
incident facet 61 can be formed with a good yield. 

Because a very flat light incident facet 61 can 
be formed as described above, by forming an anti- 
ref lection coating film on the light incident facet, 
for light of 1.55 |im in wavelength of output light 
from the fiber with a spot-size diameter (2Ws) of 
3.4 |Jin focused by a lens, the refracted light is 
introduced into the photo-absorption part with good 
focus without diffusion of the beam on the light 
incident facet, and a large responsivity value of 



1.0 A/W was obtained at an applied reverse bias of 
5V. 

Still further, the incident position of beam was 
moved in the horizontal (X) and vertical (Y) 
directions and measured for incident position 
dependence of responsivity . The measurement results 
are shown in Figs. 8A and 8B. Optical axis 
misalignment tolerance of decreasing the 
responsivity by 1 dB is as. large as 13.4 |Lim in the 
horizontal direction and 3.3 |Lim in the vertical 
direction. As a result, a photo-absorption module 
could be fabricated by a simple single-lens 
construction providing a cost reduction. Most of 
fabricated modules showed high responsivities of 0 . 8 
to 1.0 A/W. 

Fig. 9 shows frequency response characteristic 
of the fabricated module at a bias voltage of 5V. 
Since photo-absorption can be achieved with a small- 
sized photo-absorption area, high speed operation of 
a 3 dB bandwidth of 38 GHz was possible. 

The present embodiment is an example using an n- 
type semiconductor layer at the substrate side, 
however, a p-type semiconductor layer can be used by 
reversing the above p and n, and an n-InP or p-InP 
substrate can also be used for the fabrication. 

Yet further, a uniform composition bulk is used 



here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 6 

A sixth embodiment of the. present invention is 
shown in Fig. 10. 

In Fig. 10, numeral 71 indicates a light 
incident facet, 72 is a p-type semiconductor layer 
(first semiconductor layer) composed of, from the 
upper layer, a 0 . 1 pin thick p-InGaAs contact layer, 
a 1.3 Jim thick p-InP layer, and a 0 . 2 Jim thick p- 
InGaAsP layer (1.15 |im wavelength composition), 73 
is a 1.0 |Lim thick InGaAs photo-absorption layer, 74 
is a 2 iLim thick n-InP layer (second semiconductor 
layer) , 75 is a semi-insulating InP substrate, 76 is 
a p electrode, and 77 is an n electrode. The device 
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has a photo-absorption layer area of 14 jim x 20 |im. 

Also in the construction shown in Fig. 10, 
configuration relation between the photo-absorption 
layer 73 and the light incident facet 71 is the same 
as in embodiment 1 described above (Fig. 2) . 

Fig. 11 is a calculation result of reverse-mesa 
angle (0) dependence of internal quantum efficiency 
in the 1 |im thick InGaAs photo-absorption layer to 
wavelength 1.55 fim light. • As the reverse-mesa angle 
(9) increases, the effective absorption length 
increases and the internal quantum efficiency • 
increases . 

Further, in the present embodiment, the light 
incident facet 71 was formed by utilizing wet 
etching of a (001) surface wafer using bromine- 
methanol to form a (111) A plane with an angle of 
54044 • relative to the surface. 

Since, in this case, reverse-mesa etching is 
performed on a part including the InP substrate 75 
which is composed only of InP, a uniform angled 
light incident facet 71 of good flatness can be 
formed with a good yield. 

Further, an etching mask is formed at a position 
8 |Lim apart from the photo-absorption part including 
the photo-absorption layer, and deep reverse-mesa 
etching of about 3 0 [xxa is performed, in this case, 



side etching of about 3 |iin occurs, however, the 
photo-absorption part does not contact the side 
etching part, therefore, abnormal side etching, 
etching irregularity or the like caused by 
relatively fast etching speed of the photo- 
absorption layer will not generate. In addition, 
uniform devices with equal mesa angle can be 
fabricated. 

Naturally, the reverse-mesa may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing- 
adhesion of the etching mask to control the angle. 
By any of the methods, since the etching object is 
only InP layer of uniform composition, etching 
irregularity is hard to generate, and a flat light 
incident facet 71 can be formed with a good yield. 

Because a very flat light incident facet 71 can 
be formed as described above, by forming an anti- 
reflection coating film on the light incident facet, 
for light of 1.55 [Xxa in wavelength of output light 
from the fiber with a spot-size diameter (2Ws) of 
3.4 (im focused by a lens, the refracted light is 
introduced into the photo-absorption part with good 
focus without diffusion of the beam on the light 
incident facet, and a large responsivity value of 
1.0 A/W was obtained at an applied reverse bias of 
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5V. 

Still further, the incident position of beam was 
moved in the horizontal (X) and vertical (Y) 
directions and measured for incident position 
dependence of responsivity . The measurement results 
are shown in Figs. 12A and 12B. Optical axis 
misalignment tolerance of decreasing the 
responsivity by 1 dB is as large as 13.4 |im in the 
horizontal direction and 3.3 [im in the vertical 
direction. As a result, a photo-absorption module 
could be fabricated by a simple single-lens 
construction providing a cost reduction. Most of 
fabricated modules showed high responsivities of 0,8 
to 1.0 A/W. 

Fig. 13 shows frequency response characteristic 
of the fabricated module at a bias voltage of 5V. 
Since photo-absorption can be achieved with a small- 
sized photo-absorption area, high speed operation of 
a 3 dB bandwidth of 3 8 GHz was possible. 

The present embodiment is an example using an n- 
type semiconductor layer at the substrate side, 
however, a p-type semiconductor layer can be 
similarly used by reversing the above p and n, and 
an n-InP or p-InP substrate can also be used for the 
fabrication. 

Yet further, a uniform composition bulk is used 



here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 7 

A seventh embodiment of the present invention is 
shown in Fig. 14. 

In Fig. 14, numeral 81 indicates a light 
incident facet, 82 is a 1 |iiti thick p-InP layer, 83 
is a 1 ixxa thick InGaAs photo-absorption layer, 84 is 
a 1 iim thick n-InP layer, 8 5 is a semi-insulating 
InP substrate, 86 is a p electrode, 87 is an n 
electrode, and 88 is a V-shaped groove. The device 
has a photo-absorption layer area of 30 |Xm X 50 nm. 

The light incident facet 81 and the V-shaped 
groove 88 were simultaneously formed using a silicon 
nitride film mask having a T-shaped window by wet 



etching with bromine-methanol . 

In this case, the light incident facet 81 and 
the V-shaped groove 88, in wet etching of a (001) 
surface wafer using bromine -me thano 1 , were formed 
utilizing the property that the (111) A plane is 
formed in a reverse-mesa shape, and in a direction 
perpendicular thereto, the (-1-11) and (111) planes 
are formed in a forward mesa shape. 

In this case, the V-shaped groove 88 is 
fabricated with good precision in the plane 
direction and, therefore, the depth can also be 
controlled with good controllability by the window 
width of the mask. 

Naturally, the light incident facet (reverse- 
mesa part) 81 and the V-shaped groove 88 may be 
formed using another wet etching liquid or a dry 
etching method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle . 

Since the V-shaped groove is automatically 
formed by the fact that the right and left foirward 
mesa surfaces go down with the passage of etching 
time until base lines of both sides are in line with 
each other, the depth can also be controlled with 
good controllability by the mask window width, 
however, before both base lines fall in line, the 
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groove is in a so-called U shape. Therefore, by 
controlling the etching depth with time, a U-shaped 
groove can also be formed as necessary. Further, U- 
shaped grooves of different shapes can be formed by 
changing to another etching liquid in the course of 
etching. 

When an anti -re flection coating film was formed 
on the light incident facet 81, a single mode fiber 
was guided by the V-shaped groove, and light of 1.3 
|LLm was introduced, a large responsivity value of 
more than 0.8 A/W was obtained at an applied reverse 
bias of 1.5V. 

Here, since the light incident position can be 
almost determined by the precision of the mask for 
forming the V-shaped groove 88, without positioning 
by mechanical movement of fiber, high precision 
positioning was possible. 

Since high precision positioning is possible 
even when the beam size is decreased using a tapered 
fiber in place of the single mode fiber, the photo- 
absorption part of the device can be .small-sized to 
the same level as the beam size of the focus. 

Therefore, a device capable of achieving 
ultrafast response by size reduction can be realized 
in a high precision condition with the fiber. 

With a device of a photo-absorption area of (10 



^im X 20 jim) , high speed operation of a 3 dB 
bandwidth of 40 GHz was possible while maintaining a 
high responsivity. 

As described above, since the photo-absorption 
part and the fiber can be coupled in high precision 
without a lens system, a module could also be easily 
fabricated. 

In the present embodiment, the p-InP layer at 
the surface side is formed by a crystal growth 
method, however, alternatively, an undoped InP may 
be formed in crystal growth, and the conduction type 
of the main part at the surface side be determined 
by Zn diffusion or an ion implantation method and 
subseciuent anneal . 

Yet further, as a semiconductor photo-detector, 
on a semiconductor layer having a first conduction 
type, a multilayer structure having a large 
schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer 83 and the schottky electrode may be 
constructed on the substrate 85, between the photo- 
absorption layer 83 comprising an intrinsic or first 
conduction type semiconductor layer, a superlattice 
semiconductor layer, or a multiple quantum well 
semiconductor layer and the schottky electrode. 



Yet further, a semiconductor photo-detector may 
be constructed with the semiconductor layer of large 
schottky barrier height comprising Ini_x-yGaxAlyAs 
(0<x<l, 0<y<l) or Ini^x-yGaxAlyAs (0<x<l, 0<y<l) and 
thin Ini_uGauAsi_vPv (0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
85 and an n-InP layer at the substrate side, 
however, a p-InP layer can be used by reversing the 
above p and n, and an n-InP or p-InP substrate can 
also be used for the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer 83, however, it 
is needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 



Embodiment 8 



Fig. 15 is a diagram for describing an eighth 
embodiment of the present invention. Numeral 101 
indicates a light incident facet, 102 is a 1 jim p- 
InP layer, 103 is a 0.7 |im thick InGaAs photo- 
absorption layer, 104 is a 1 fim thick n-InP layer, 
105 is a semi -insulating InP substrate, 106 is a p 
electrode, 107 is an n electrode, 108 is a V-shaped 
groove, 109 is an optical fiber, and 110 is 
polyimide. The device has. a photo-absorption layer 
area of30|LimX70|im. The light incident facet and 
the V-shaped groove 108 were simultaneously formed 
by wet etching with bromine-methanol using a silicon 
nitride film mask having a T-shaped window. At this 
moment, the light incident facet 101 and the V- 
shaped groove 108 were formed utilizing the property 
that the (111) A plane is formed in reverse-mesa 
shape as shown in the figure and the (-1-11) and 
(111) planes perpendicular thereto are formed in 
forward mesa shape in wet etching of a (001) surface 
wafer with bromine-methanol. In this case, the V 
shape is fabricated with good precision in the plane 
direction and, therefore, the depth can also be 
controlled with good controllability by the window 
width of the mask. Naturally, the reverse-mesa part 
and the V-shaped groove 108 may be formed using 
another wet etching liquid or a dry etching method. 



or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 
Further, the V-shaped groove 108 can be formed in a 
U shape or the like by controlling the etching 
condition and the mask shape. 

The single mode fiber 109 is guided by the V~ 
shaped groove 108, disposed opposite to the light 
incident facet as shown in the figure, and the space 
is buried in polyimide having a refractive index of 
1.7. The photo-detector and the fiber end surface 
are provided with anti-reflection coating films. 
When light of wavelength 1.55 |im was introduced by 
the single mode fiber 109, a large responsivity 
value of 1.0 A/W at an applied reverse bias of 1.5V 
is obtained. Here, since the light incident 
position can be almost determined by the precision 
of the mask for forming the V-shaped groove guide, 
without positioning by mechanical movement of fiber, 
high precision positioning was possible. Since, as 
shown above, the photo-absorption part and the fiber 
109 can be coupled with high precision without a 
lens system, a module could be easily fabricated. 
Layer structure of the photo-detector of the present 
embodiment is designed for enabling high speed 
operation. That is, the photo-absorption layer is 
as thin as 0 . 7 iLim to decrease the carrier transit 
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time. Further, the refraction angle is the largest 
when the space between the device and the fiber is 
air, therefore, the device length required for 
receiving refracted light can be reduced, thereby 
reducing the device capacity which is determined by 
the device size. Since, even when a tapered fiber 
is used in place of the single mode fiber 109 to 
decrease the beam size, the photo-absorption part of 
the device can be small-sized to the same level as 
the focus beam size. Therefore, a device capable of 
making ultrafast response by size reduction can be 
realized with a high-coupling state with the fiber. 
With a device of a photo-absorption area of 10 |im x 
20 lim, high speed operation of more than a.. 3 dB 
bandwidth of 40 GHz was possible while maintaining 
high responsivity . However, with the device using, 
air between the device and fiber, the responsivity 
was 0.8 A/W. This is because absorption in the 
photo-absorption layer is insufficient. Since high 
speed and responsivity are basically in a trade-off 
relation, a decrease in responsivity associated with 
high speed is inevitable to some extent, however, 
according to the present invention, it is possible 
to change the responsivity over a wide range even 
when the absorption layer is. decreased in thickness 
for high speed operation. However, the operation 



speed is decreased to some extent by increasing the 
device capacity associated with an increase in 
photo-detector length . 

Fig. 16 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when light of wavelength 1.55 |iin is incident 
at a mesa angle of 55 degrees. The extension factor 
can be substantially increased by using a material 
having a large ni. In the present embodiment, • 
polyimide having a refractive index of 1.7 is used, 
the extension factor in this case provides a 41% 
increase relative to air, as a result, the above 
increase in responsivity is obtained. It is 
needless to say that the substance between the 
device and fiber may be any one which has a good 
transmissivity to incident light and a relative 
index of more than 1, selected from organic 
substances such as various polyimides including 
fluorinated polyimides, various epoxies including 
epoxy resins, fluorinated epoxies, fluorinated epoxy 
acrylate resins, acrylics, metamorphic silicone 
resins, and inorganic substances such as 
chalcogenide glass having a refractive index of more 
than 2, or a liquid substance such as oil. By 
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appropriately selecting such various substances, it 
is possible to change the refraction angle at the 
light incident facet of the photo-detector, even 
when using a refraction type semiconductor photo- 
detector cut from the same wafer having the same 
layer structure and the same mesa angle 
construction, and adjustment of responsivity 
according to the application is possible. 

Further, as to the optical fiber, in the present 
embodiment,' a single mode optical fiber or a tapered 
fiber is used, however, it is needless to say that 
one which is based on various organic substances 
such as a plastic fiber may be used. 

In the present embodiment, the p-InP layer at 
the surface side is formed by a crystal growth, 
however, alternatively, an undoped InP may be formed 
in crystal growth, and the conduction type of the 
main part at the surface side be determined by Zn 
diffusion or an ion implantation method and 
subsequent anneal. Further, as the semiconductor 
photo-detector, on a semiconductor layer having a 
first conduction type, a multilayer structure having 
a large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 



on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini^x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using semi- 
insulating InP as the substrate and an n-InP layer 
at the substrate side, however, a p-InP layer can be 
used by reversing the above p and n, and an n-InP or 
p-InP substrate can also be used for the 
fabrication. Yet further, a uniform composition 
bulk is used here as the ' photo-absorption layer, 
however, it is needless to say that a Separate- ■ 
absorption-graded-multiplication (SAGM) structure or 
a Separate absorption and multiplication 
superlattice (SAM-SL) structure (used in an 
avalanche photodiode) or a semiconductor layer of 
other superlattice structure or the like may be 
used. Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 



system including a strain may be used. 
Embodiment 9 

Fig. 17 is a diagram for describing a ninth 
embodiment of the present invention. Fig. 18 is a 
sectional perspective diagram of the photo- 
absorption region. Niomeral 111 indicates a light 
incident facet, 112 is a 0 . 2 fim thick p+-InGaAsP (1-2 
[Xm composition) layer, 113 is a 1 |Jin thick p-InP 
layer, 114 is a 0.5 liiti thick InGaAs photo-absorption 
layer, 115 is a 1 |im thick n-InP layer, 116 is a 
semi-insulating InP substrate, 117 is a p electrode, 
118 is an n electrode, and 119 is a V-shaped groove. 
A lead electrode and a pad electrode are omitted in 
this figure for simplicity since these parts are 
complicated in structure and intricate to be 
described. The device has a photo-absorption layer 
area of30|iinX50|Lim. The light incident facet 111 
and the V-shaped groove 119 were simultaneously 
formed by wet etching with bromine-methanol using a 
silicon nitride film mask having a T-shaped window. 
At this moment, the light incident facet 111 and the 
V-shaped groove 119 were formed utilizing the 
property that the (111) A plane is formed in reverse- 
mesa shape as shown in the figure and the 
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(-1-11) and (111) planes perpendicular thereto are 
formed in forward mesa shape in wet etching of a 
(001) surface wafer with bromine-methanol . In this 
case, the V shape is fabricated with good precision 
5 in the plane direction and, therefore, the depth can 
also be controlled with good controllability by the 
window width of the mask. 

Naturally, the reverse-mesa part and the V- 
^ shaped groove 119 may be formed using another wet 

N 10 etching liquid or a dry etching method, or utilizing 

O 

Ifj other crystal plane, or utilizing adhesion of the 

etching mask to control the angle. Further, the V- 
Q shaped groove 119 can be foinned in a U shape or the 

j: like by controlling the etching condition and the 

15 mask shape. 

An anti-reflection coating film is formed on the 
light incident facet. Right above the main reaching 
area of refracted light is terminated with air, and 
the p electrode 117 is formed in outer peripheral 
2 0 part of the area. Incident light of wavelength 1.3 
|jm from the lateral side is refracted at the light 
incident facet and transmits at an angle of 0= 24.7 
degrees as shown in the figure relative to the upper 
surface- In this case, if the refractive index of 
25 the semiconductor is assumed as 3.209, total 
reflection occurs when 0 is smaller than 71.8 
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degrees, and the present embodiment satisfies this* 
condition. When the single mode fiber was guided by 
the V-shaped groove 119 and light of wavelength 1.3 
|Lim was incident, a large responsivity value of more 
than 0.9 A/W was obtained at an applied reverse bias 
of l.OV. In the case of prior art structure in 
which the p electrode is present on almost the 
entire surface of the upper surface, a value of only 
about 0.7 A/W was obtained. Here, since the light 
incident position can be almost determined by the 
precision of the mask for forming the V-shaped- 
groove guide, without positioning by mechanical 
movement of the fiber, high precision positioning 
was possible. Since, even when a tapered ^fiber is 
used in place of the single mode fiber to decrease 
the beam size, the photo-absorption part of the 
device can be small-sized to the same level as the 
focus beam size. Therefore, a device capable of 
making ultrafast response by size reduction can be 
realized with a high-coupling state with the fiber. 
With a device of a photo-absorption area of 10 |iin x 
2 0 ^im, high speed operation of more than a 3 dB 
bandwidth of 40 GHz was possible while maintaining 
high responsivity. Since, as shown above, the 
photo-absorption part and the fiber can be coupled 
with. high precision without a lens system, a module 



could be easily fabricated. 

In the present embodiment, the p electrode is 
formed in a ring shape, however, it is needless to 
say that although the overall reflectivity is 
slightly decreased, it may be formed in any 
structure such as a reticulated electrode shape, or 
the upper InP/InGaAsP layer remained as a high- 
concentration doped layer to decrease the sheet 
resistance sufficiently, or the p electrode be 
formed in only one side part. In the present 
embodiment, right above the reaching area of 
incident light is terminated with air, it may be any 
of inorganic substances such as Si02 or SiNx or 
organic substances such as polyimide or epoxy, . which 
has an appropriately smaller refractive ■ index than 
the semiconductor and satisfies the total reflection 
condition (0 < cos-^ (n2/ni) *; where ni is a refractive 
index of the semiconductor, and n2 is a refractive 
index of the terminating substance) . For example, 
when a polyimide of having a refractive index of 
1.55 is used, 0 may be smaller than 61.1 degrees. 

In the present embodiment, the p-InP layer 113 
at the surface side is formed by a crystal, growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 



Zn diffusion or an ion implantation method and 
subsequent anneal. Further, as the semiconductor 
photo-detector, on a semiconductor layer having a 
first conduction type, a multilayer structure having 
a large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs {0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi-v^v 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using semi- 
insulating InP as the substrate and an n-InP layer 
at the substrate side, however, a p-InP layer can be 
used by reversing the above p and n, and an n-InP or 
p-InP substrate can also be used for the 
fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 



needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 10 

Fig. 19 is a diagram for describing a tenth 
embodiment of the present invention. A sectional 
perspective diagram of photo-absorption region is 
the same as in Fig. 18. Numeral 111 indicates a 
light incident facet, 112 is a 0.2 fim thick 
p+-InGaAsP (1.2 ^im composition) layer, 113 is a 1 pm 
thick p-InP layer, 114 is a 0 . 5 jim thick InGaAs 
photo-absorption layer, 115 is a 1 |Lim thick n-InP 
layer, 116 is a semi-insulating InP substrate, 117 
is a p electrode, 118 is an n electrode, 119 is a V- 
shaped groove, 120 is polyimide, and 121 is a single 
mode optical fiber. A lead electrode and a pad 
electrode are omitted in this figure for simplicity 



since these parts are complicated in structure and 
intricate to be described. The device has a photo- 
absorption layer area of 30 liinx70 [ixa. The light 
incident facet 111 and the V-shaped groove 119 were 
simultaneously formed by wet etching with bromine- 
methanol using a silicon nitride film mask having a 
T-shaped window. At this moment, the light incident 
facet 111 and the V-shaped groove 119 were formed 
utilizing the property that the (111) A plane is 
formed in reverse-mesa shape as shown in the figure 
and the (-1-11) and (111) planes perpendicular- 
thereto are formed in forward mesa shape in wet 
etching of a (001) surface wafer with bromine- 
met hanol . In this case, the V shape is fabricated 
with good precision in the plane direction and, 
therefore, the depth can also be controlled with 
good controllability by the window width of the 
mask. Naturally, the reverse-mesa part and the V- 
shaped groove part may be formed using another wet 
etching liquid or a dry etching method, or utilizing 
other crystal plane, or utilizing adhesion of the 
etching mask to control the angle. Further, the V~ 
shaped groove part can be formed in a U shape or the 
like by controlling the etching condition and the 
mask shape . 

The single mode fiber 121 is guided by the V- 



shaped groove 119 and disposed opposite to the light 
incident facet 111 as shown in the figure, and the 
space in between is buried with polyimide having a 
refractive index of 1.7. Further, an anti- 
reflection coating film is formed on the photo- 
detector and the fiber end surface. 

Right above the main reaching area of refracted 
light is terminated with air, and the p electrode 
117 is formed in outer peripheral part of the area. 
Incident light of wavelength 1.55 [tm from the 
lateral side is refracted at the light incident 
facet and transmits at an angle of 0= 17.1 degrees 
as shown in the figure relative to the upper 
surface. In this case, if the refractive index of 
the semiconductor is assumed as 3.17, total 
reflection occurs when 0 is smaller than 71.6 
degrees, and the present embodiment satisfies this 
condition. When light of wavelength 1.55 |Lim was 
introduced by the single mode fiber, a large 
responsivity value of more than 1.0 A/W was obtained 
at an applied reverse bias of l.OV. In the case of 
prior art structure in which the p electrode is 
present on almost the entire surface of the upper 
surface., a value of only about 0.8 A/W was obtained. 

Here, since the light incident position can be 
almost determined by the precision of the mask for 



forming the V-shaped groove guide, without 
positioning by mechanical movement of the fiber, 
high precision positioning was possible. Since, 
even when a tapered fiber is used in place of the 
single mode fiber to decrease the beam size, the 
photo-absorption part of the device can be small- 
sized to the same level as the focus be.am size. 
Therefore, a device capable of making ultrafast 
response by size reduction can be realized with a 
high-coupling state with the fiber. With a device 
of a photo-absorption area of 10 jim x 20 |Lim, high 
speed operation of more than a 3 dB bandwidth of 40 
GHz was possible while maintaining high 
responsivity . Since, as shown above, the photo- 
absorption part and the fiber can be coupled with 
high precision without a lens system, a module could 
be easily fabricated. 

In the present embodiment, the p electrode is 
formed in a ring shape, however, it is needless to 
say that although the overall reflectivity is 
slightly decreased, it may be formed in any 
structure such as a reticulated electrode shape, or 
the upper InP/InGaAsP layer remained as a high- 
concentration doped layer to decrease the sheet 
resistance sufficiently, or the p electrode be 
formed in only one side part. In the present 



embodiment, right above the reaching area of 
incident light is terminated with air, however, it 
may be any of inorganic substances such as Si02 or 
SiNx or organic substances such as polyimide or 
epoxy, which has an appropriately smaller refractive 
index than the semiconductor and satisfies the total 
reflection condition (0 < cos-^ (n2/ni) ; where ni is a 
refractive index of the semiconductor, and n2 is a 
refractive index of the terminating substancTe) . For 
example, when a polyimide of having a refractive 
index of 1.55 is used, 0 may be smaller than 60.7 
degrees . 

Fig. 16 shows, as described above, a calculation 
result in InP of extension factor to absorption 
layer thickness of effective absorption length 
relative to refractive index (ni) of the substance 
between the device and fiber when light of 
wavelength 1.55 pm is incident at a mesa angle of 55 
degrees . The extension factor can be substantially 
increased by using a material having a large ni . In 
the present embodiment, polyimide having a 
refractive index of 1.7 is used, the extension 
factor in this case provides a 41% increase relative 
to air, as a result, the above increase in 
responsivity is obtained. It is needless to say 
that the substance between the device and fiber may 



be any one which has a good transmissivity to 
incident light and a relative index of more than 1, 
selected from organic substances such as various 
polyimides including fluorinated polyimideS/ various 
epoxies including epoxy resins, fluorinated epoxies, 
fluorinated epoxy acrylate resins, acrylics, 
metamorphic silicone resins, and inorganic 
substances such as chalcogenide glass having a 
refractive index of more than 2, or a liquid 
substance such as oil. By appropriately selecting 
such various substances, it is possible to change 
the refraction angle at the light incident facet of 
the photo-detector, even when using a refraction 
type semiconductor photo-detector cut from the same 
wafer having the same layer structure and the same 
mesa angle construction, and adjustment of 
responsivity according to the application is 
possible. 

Further, as to the optical fiber, in the present 
embodiment, a single mode optical fiber or a tapered 
fiber is used, however, it is needless to say that 
one which is based on various organic substances 
such as a plastic fiber may be used. 

In the present embodiment, the p-InP layer at 
the surface side is formed by a crystal growth, 
however, alternatively, an undoped InP layer may be 



formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal. 

Further, as the semiconductor photo-detector, on 
a semiconductor layer having a first conduction 
type, a multilayer structure having a large 
schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the phota-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uG^uAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using semi- 
insulating InP as the substrate and an n-InP layer 
at the substrate side, however, a p-InP layer can be 
used by reversing the above p and n, and an n-InP or 
p-InP substrate can also be used for the 
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fabrication . 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as • 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 11 

A refraction type semiconductor photo-detector 
according to an eleventh embodiment of the present 
invention is shown in Fig. 20. 

As shown in the figure, on a semi-insulating InP 
substrate 13 5, a semiconductor multilayer structure 
as a photo-absorption part comprising a 1 |Lim thick 
n-InP layer 134, a 1 pm thick InGaAs photo- 
absorption layer 133, and a 1 fim thick p-InP layer 
132 is stacked, and a p electrode 13 6 and an n 
electrode 137 are formed, further, a light incident 



facet 131 inwardly angled as it separates from the 
surface side, so that incident light transits the 
photo-absorption layer 133 diagonally with respect 
to the layer thickness direction, is formed, still 
further, a V-shaped groove 13 8 is formed opposing 
the light incident facet 131. The device has a 
photo-absorption layer area of 30 jim x 50 |iim. 

The light incident facet 131 and its vicinity 
are buried in a photoresist 139 which is an organic 
substance . 

The light incident facet 131 and the V-shaped 
groove 13 8 were simultaneously formed by wet etching 
with bromine-methanol using a silicon nitride film 
mask having a T-shaped window. 

At this moment, the. light incident facet 131 and 
the V-shaped groove 138 were formed utilizing the 
property that the (111) A plane is formed in reverse- 
mesa shape as shown in the figure and the 
(-1-11) and (111) planes perpendicular thereto 
formed in forward mesa shape in wet etching of a 
(001) surface wafer with bromine-methanol. 

In this case, the V shape is fabricated with 
good precision in the plane direction and, 
therefore, the depth can also be controlled with 
good controllability by the window width of the 
mask. 



Naturally, the reverse-mesa part and the V- 
shaped groove 13 8 may be formed using another wet 
etching liquid or a dry etching method, or utilizing 
other crystal plane, or utilizing adhesion of the 
etching mask to control the angle. 

Since the V-shaped groove 138 is automatically 
formed by the fact that the right and left, forward 
mesa surfaces go down with the passage of etching 
time until base lines of both sides are in line with 
each other, the depth can also be controlled with 
good controllability by the mask window width, . 
however, before both base lines fall in line, the 
groove is in a so-called U shape. 

Therefore,' by controlling the etching . depth with 
time, a U-shaped groove can also be formed as 
necessary. 

Further, U-shaped grooves of different shapes 
can be formed by changing to another etching liquid 
in the course of etching. 

When, after forming an anti-reflection coating 
film on the light incident facet 131, the entire 
surface is coated with a photoresist and exposed by 
a exposure apparatus, since the reverse-mesa visor 
part is not exposed, the resist 139 as an organic 
substance is remained in a foirward mesa shape from 
the visor part as shown in the figure by the resist 
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phenomenon . 

The forward mesa shape of the resist 13 9 can be 
controlled by controlling the exposure time or 
exposing the substrate diagonally. 

In the present embodiment, the buried part of 
the resist 139 is formed by exposing the entire 
surface, however, alternatively, exposure may be 
performed using a mask to form the buried part of 
the resist 139 apart by a finite length from the tip 
of the light incident facet 131. 

Even when the single mode fiber (not shown) is 
put on the V-shaped groove 13 8 to be guided to 
contact against, since the front edge of the fiber 
is stopped by the resist 139, the fiber tip will not 
hit against the light incident facet 131' of the 
device. 

When, after the single mode fiber is fixed with 
epoxy or the like, only the resist part is 
selectively removed using an organic solvent, a 
photo-detector module as a photo-detection device 
can be fabricated. 

Here, the light incident position in horizontal 
and vertical directions can be almost determined by 
precision of the mask for forming the V-shaped 
groove 13 8, and positioning in the optical axis 
direction is also possible by butting, high 



precision positioning was possible without 
positioning by delicate mechanical movement of the 
fiber . 

For example, when light of wavelength 1.3 iJiti is 
introduced, a large responsivity value of more than 
0.8 A/W was obtained at an applied reverse bias of 
1.5V. 

Further, since, even when a tapered fiber is 
used in place of the single mode fiber to decrease 
the beam size, high precision positioning is 
possible, the photo-absorption part of the device 
can be small -sized to the same level as the focus 
beam size. 

Therefore, a device capable of making ultrafast 
response by size reduction can be realized with a 
high-coupling state with the. fiber, and easy modular 
construction be achieved. 

For example, with a device of a photo-absorption 
area of 10 fiiti x 20 jim, fabrication of a module 
capable of making high speed operation of a 3 dB 
bandwidth of 40 GHz was possible while maintaining 
high responsivity. 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP may be formed 
in crystal growth, and the conduction type of the 



main part at the surface side be determined by Zn 
diffusion or an ion implantation method and 
subsequent anneal . 

Further, as the semiconductor photo-detector, on 
a semiconductor layer having a first conduction 
type, a multilayer structure having a large 
schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption .. layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yG^xAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi-v^v 
(0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
and an n-InP layer at the substrate side, however, a 
p-InP layer can be used by reversing the above p and 
n, and an n-InP or p-InP substrate can also be used 
for the fabrication. 
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Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

. Embodiment 12 

A refraction type semiconductor photo-detector 
according to a twelfth embodiment of the present 
invention is shown in Fig. 21. 

As shown in the figure, on a semi-insulating InP 
substrate 145, a semiconductor multilayer structure 
as a photo-absorption part comprising a 1 [xm thick 
n-InP layer 144, a 1 |Jiti thick InGaAs photo- 
absorption layer 143, and a 1 [im thick p-InP layer 
142 is stacked, and a p electrode 145 and an n 
electrode 147 are formed, further, a light incident 
facet 141 inwardly angled as it separates from the 



surface side, so that incident light transits the 
photo-absorption layer 143 diagonally with respect 
to the layer thickness direction, is foirmed, still 
further, a V-shaped groove 148 is formed opposing 
the light incident facet 141. The device has a 
photo-absorption layer area of 3 0 |Lim X 70 |Lim. 

The light incident facet 141 and its vicinity 
are buried in polyimide 149 which is an organic 
substance. 

The light incident facet 141 and the V-shaped 
groove 14 8 were simultaneously formed by wet etching 
with bromine-methanol using a silicon nitride film 
mask having a T-shaped window. 

At this moment,- the light incident facet 141 and 
the V-shaped groove 148 were formed utilizing the 
property that the (111) A plane is formed in reverse- 
mesa shape as shown in the figure and the 
(-1-11) and (111) planes perpendicular thereto are 
formed in forward mesa shape in wet etching of a 
(001) surface wafer with bromine-methanol. 

In this case, the V shape is fabricated with 
good precision in the plane direction and, 
therefore, the depth can also be controlled with 
good controllability by the window width of the 
mask. 

Naturally, the reverse-mesa part and the V- 



shaped groove 148 may be formed .using another wet 
etching liquid or a dry etching method, or utilizing 
other crystal plane, or utilizing adhesion of the 
etching mask to control the angle. 

Since the V-shaped groove 148 is automatically 
formed by the fact that the right and left forward 
mesa surfaces go down with the passage of etching 
time until base lines of both sides are in line with 
each other, the depth can also be controlled with 
good controllability by the mask window width, 
however, before both base lines fall in line, the 
groove is in a so-called U shape. 

Therefore, by controlling the etching depth with 
time, a U-shaped groove can also be foirmed as 
necessary. 

Further, U-shaped grooves of different shapes 
can be formed by changing to another etching liquid 
in the course of etching. 

After forming an anti-reflection coating film on 
the light incident facet 141, polyimide 149 was 
coated on the entire surface by spin coating, and a 
resist coated thereon, exposure performed using a 
mask for covering the light incident facet 141 apart 
by a finite length from the tip part of the light 
incident facet 141, and development performed. 

In this case, by using a substance which is 
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etched with a resist developer as the polyimide, .the 
polyiitiide 149 as an organic substance is remained in 
a mesa shape to the position apart by a finite 
length from the visor part as shown in the figure. 

Fig. 21 is a schematic diagram showing the state 
after the resist is removed using acetone. 

Even when the single mode fiber (not shown) is 
put on the V-shaped groove 148 to be guided to 
contact against, since the. tip part edge of the 
fiber is stopped by the polyimide 149, the fiber tip 
will not hit against the light incident facet 141 of 
the device . 

After butting of the single mode fiber, it was 
fixed including between the device and the fiber 
with polyimide (not shown) to fabricate a photo- 
absorption module as a photo-detection device. 

Here, the light incident position in horizontal 
and vertical directions can be almost determined by 
precision of the mask for forming the V-shaped 
groove 148, and positioning in the optical axis 
direction is also possible by butting, high 
precision positioning was possible without 
positioning by delicate mechanical movement of the 
fiber. 

For example, when light of wavelength 1.3 |Lim is 
introduced, a large responsivity value of more than 



0 • 8 A/W was obtained at an applied reverse bias of 
1.5V. 

Further, since, also when a tapered fiber is 
used in place of the single mode fiber to decrease 
the beam size, high precision positioning is 
possible, the photo-absorption part of the device 
can be small-sized to the same level as the focus 
beam size. 

Therefore, a device capable of making ultrafast 
response by size reduction can be realized with a 
high-coupling state with the fiber, and easy modular 
construction be achieved. 

For example, with a device of a photo-absorption 
area of 10 |im x 20 |im, fabrication of a module 
capable of making high speed operation of a 3 dB 
bandwidth of 40 GHz was possible while maintaining 
high responsivity . 

In the present embodiment, polyimide 149 is 
patterned using a resist as a mask and developing 
with a resist developer, however, patterning of the 
polyimide 149 may be performed by foarming a mask 
such as Si02 or a metal and other techniques such as 
reactive ion etching (RIE) by oxygen or the like or 
reactive ion beam etching (RIBE) . 

Further, a photo-detection device may be 
fabricated by coating another organic substance 



other than polyimide such as epoxy or the like 
followed by similar patterning, and fixing including 
between the device and fiber with the same 
substance . 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal . 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo -absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGaxAlyAs {0<x<l, 0<y<l) or 



Ini-x-yGaxAlyAs (0<x<l/ 0<y<l) and thin Ini-uGauAsi-vPv 

(0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
and an n-InP layer at the substrate side, however, a 
p-InP layer can be used by reversing the above p and 
n, and an n-InP or p-InP substrate can also be used 
for the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, a SAGM 

( Separate-absorption-graded-multiplication) 
structure or a SAM-SL (Separate absorption and 
multiplication superlattice) structure (used in an 
avalanche photodiode) or a semiconductor layer of 
other superlattice structure or the like may be 
used. 

Yet further, a material system other than 
InGaAsP/InP such as InGaAlAs/InGaAsP or AlGaAs/GaAs 
system or a material system including a strain may 
be used. 

Embodiment 13 

Fig. 22 is a diagram for describing a thirteenth 
embodiment of the present invention. Fig. 23 is a 
sectional perspective diagram of the photo- 



absorption region. Numeral 191 indicates a light 
incident facet, 192 is a 0.2 [im thick p+-InGaAsP (1.2 
jiin composition) layer, 193 is a 1 |Lim thick p-InP 
layer, 194 is a 0.5 |Jm thick InGaAs photo-absorption 
layer, 195 is a 1 ^m thick n-InP layer, 196 is a 
semi-insulating InP substrate, 197 is a p electrode, 
198 is an n electrode, 199 is a V-shaped groove, and 
2 00 is a photoresist. A lead electrode and a pad 
electrode are omitted in this figure for simplicity 
since these parts are complicated in structure and 
intricate to be described. The device has a photo- 
absorption layer area of 30 |im X 50 |im. 

The light incident facet 191 and the V-shaped 
groove 199 were simultaneously formed by wet etching 
with bromine-methanol using a silicon nitride film 
mask having a T-shaped window. At this moment, the 
light incident facet 191 and the V-shaped groove 199 
were formed utilizing the property that the (111) A 
plane is formed in reverse-mesa shape as shown in 
the figure and the (-1-11) and (111) planes 
perpendicular thereto are formed in forward mesa 
shape in wet etching of a (001) surface wafer with 
bromine-methanol. In this case, the V shape is 
fabricated with good precision in the plane 
direction and, therefore, the depth can also be 
controlled with good controllability by the window 
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width of the mask. Naturally, the reverse-mesa part 
and the V-shaped groove part may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 
Since the V-shaped groove 199 is automatically 
formed by the fact that the right and left forward 
mesa bottom sides go down with the passage of 
etching time until base lines of both sides are in 
line with each other, the depth can also be 
controlled with good controllability by the mask 
window width, however, before both base sides fall 
in line, the groove is in a so-called U shape. 
Therefore, by controlling the etching depth with 
time, a U-shaped groove can also be formed as 
necessary. Further, U-shaped grooves of different 
shapes can be formed by changing to another etching 
liquid in the course of etching. 

An anti-reflection coating film is formed on the 
light incident facet. Right above the main reaching 
area of refracted incident light is terminated with 
air, and the p electrode 197 is formed in outer 
peripheral part of the area. Incident light of 
wavelength 1.3 |Jm from the lateral side is refracted 
at the light incident facet and transits at an angle 
of 0 = 24.7 degrees as shown in the figure relative 
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to the upper surface. In this case, if the 
refractive index of the semiconductor is assumed as 
3.209, total reflection occurs when 0 is smaller 
than 71.8 degrees, and the present embodiment 
5 satisfies this condition. In the present 

embodiment, the p electrode is formed in a ring 
shape, however, it is needless to say that although 
the overall reflectivity is slightly decreased, it 
may be formed in any structure such as a reticulated 
10 electrode shape, or the upper InP/InGaAsP layer 

remained as a high-concentration p doped layer • to 
decrease the sheet resistance sufficiently, or the p 
electrode be formed in only one side part. In the 
=£; present embodiment, right above the reaching area of 

15 incident light is terminated with air, however, it 
^ may be any of inorganic substances such as Si02 or 

SiNx or organic substances such as polyimide or 
epoxy, which has an appropriately smaller refractive 
index than the semiconductor and satisfies the total 
20 reflection condition { 0 < cos'i (n2/ni) ; where ni is a 
refractive index of the semiconductor, and n2 is a 
refractive index of the terminating substance) • For 
example, when a polyimide of having a refractive 
index of 1.55 is used, 0 may be smaller than 61.1 
25 degrees. 

When a photoresist was coated on the entire 
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surface, and the entire surface exposed by an 
exposure apparatus, since a reverse-mesa visor part 
is not exposed, the resist as an organic substance 
is remained in a forward mesa shape from the visor 
part by resist development. During the exposure, 
the forward mesa shape of the resist can be 
controlled by controlling the exposure time or 
exposing the substrate diagonally. In the present 
embodiment, the buried part of the resist is formed 
by exposing the entire surface, however, 
alternatively, exposure may be performed using -a 
mask to form the buried part of the resist apart by 
a finite length from the tip part of the light 
incident facet. Even when the single mode fiber 
(not shown) is guided by the V-shaped groove part to 
contact against the photo-detector, since the tip 
part edge of the fiber is stopped by the resist 
part, the fiber tip will not hit against the light 
incident facet of the device. After fixing the 
fiber with epoxy or the like, only the resist part 
was selectively removed using an organic solvent to 
fabricate a photo-absorption module as a photo- 
detection device. Here, since the light incident 
position in horizontal and vertical directions can 
be almost determined by precision of the mask for 
forming the V-shaped groove guide, and positioning 



in the optical axis direction is also possible by 
butting, high precision positioning was possible 
without positioning by delicate mechanical movement 
of the fiber. When light of wavelength 1.3 jim was 
introduced, a large responsivity value of more than 
0.9 A/W was obtained at an applied reverse bias of 
1-5 V. 

Further, since, when a tapered fiber is used in 
place of the single mode fiber to decrease the beam 
size, high precision positioning is similarly 
possible, the photo-absorption part of the device 
can be small-sized to the same level as the focus 
beam size. Therefore, a device capable of making 
ultrafast response by size reduction can be realized 
with a high-coupling state with the fiber, and easy 
modular construction be achieved. 

For example, with a device of a photo-absorption 
area of 10 \ixa x 20 fim, fabrication of a module 
capable of making high speed operation of a 3dB 
bandwidth of 40 GHz was possible while maintaining 
high responsivity. In the present embodiment, the 
p-InP layer at the surface side is formed by crystal 
growth, however, alternatively, an undoped layer may 
be formed in crystal growth, and the conduction type 
of the main part at the surface side be determined 
by Zn diffusion or an ion implantation method and 



subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantiam well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGa-xAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
and an n-InP layer at the substrate side, however, a 
p-InP layer can be used by reversing the above p and 
n, and an n-InP or p-InP substrate can also be used 
for the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 



needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 14 

Fig. 24 is a diagram for describing a fourteenth 
embodiment of the present invention. A* sectional 
perspective diagram of photo-absorption region is 
the same as in Fig. 23. Numeral 191 indicates a 
light incident facet, 192 is a 0.2 |im thick p+- 
InGaAsP (1.2 jim composition) layer, 193 is a 1 fim 
thick P"InP layer, 194 is a 0.5 pm thick InGaAs 
photo-absorption layer, 195 is a 1 |im thick n-InP 
layer, 19 6 is a semi-insulating InP substrate, 197 
is a p electrode, 198 is an n electrode, 199 is a V- 
shaped groove, and 201 is polyimide. A lead 
electrode and a pad electrode are omitted in this 
figure for simplicity since these parts are 



complicated in structure and intricate to be 
described. The device has a photo-absorption layer 
area of 30 x 70 pm. 

The light incident facet and the V-shaped groove 
were simultaneously formed by wet etching with 
bromine -methanol using a silicon nitride film mask 
having a T-shaped window. At this moment, the light 
incident facet 191 and the V-shaped groove 199 were 
formed utilizing the property that the (111) A plane 
is formed in reverse-mesa shape as shown in the 
figure and the (-1-11) and (111) planes 
perpendicular thereto are formed in forward mesa 
shape in wet etching of a (001) surface wafer with 
bromine -me thano 1 . In this case, the V shape is 
fabricated with good precision in the plane 
direction and, therefore, the depth can also be 
controlled with good controllability by the window 
width of the mask. Naturally, the reverse-mesa part 
and the V-shaped groove part may be formed using 
another wet etching liquid or a dry etching method, 
or utilizing other crystal plane, or utilizing 
adhesion of the etching mask to control the angle. 
Since the V-shaped groove 19 9 is automatically 
formed by the fact that the right and left forward 
mesa bottom sides go down with the passage of 
etching time until base lines of both sides are in 



line with each other, the depth can also be 
controlled with good controllability by the mask 
window width, however, before both base sides fall, 
in line, the groove is in a so-called U shape. 
Therefore, by controlling the etching depth with 
time, a U-shaped groove can also be formed as 
necessary. Further, U-shaped grooves of different 
shapes can be formed by changing to another etching 
liquid in the course of etching. 

In finished state of the photo-detector, the 
space in between the photo-detector and the optical 
fiber is buried in with polyimide having a 
refractive index of 1.7. 

An anti-reflection coating film is formed on the 
light incident facet. Right above the main reaching 
area of refracted incident light is terminated with 
air, and the p electrode is formed in outer 
peripheral part of the area. Incident light of' 
wavelength 1.3 jim from the lateral side is refracted 
at the light incident facet and transits at an angle 
of 0= 17.3 degrees relative to the upper surface as 
shown in the figure in the case that the space in 
between the photo-detector and the optical fiber is 
buried in with polyimide. In this case, if the 
refractive index of the semiconductor is assiomed as 
3.209, total reflection occurs when 0 is smaller 



than 71.8 degrees, and the present embodiment 
satisfies this condition. In the present 
embodiment, the p electrode is formed in a ring 
shape, however, it is needless to say that although 
the overall reflectivity is slightly decreased, it 
may be foirmed in any structure such as a reticulated 
electrode shape, or the upper InP/InGaAsP layer be 
remained as a high-concentration p doped layer to 
sufficiently decrease the sheet resistance, or the p 
electrode be formed in only one side part. In the 
present embodiment, right above the reaching area of 
incident light is terminated with air, however, it 
may be any of inorganic substances such as Si02 or 
SiNx or organic substances such as polyimide or 
epoxy, which has an appropriately smaller refractive 
index than the semiconductor and satisfies the total 
reflection condition (0 < cos-^ (n2/ni) ; where n± is a 
refractive index of the semiconductor, and 112 is a 
refractive index of the terminating substance) . For 
example, when a polyimide of having a refractive 
index of 1.55 is used, 0 may be smaller than 61.1 
degrees . 

After forming an anti-reflection coating film on 
the light incident facet, polyimide was coated on 
the entire surface by spin coating, and a resist 
coated thereon, exposure performed using a mask for 
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covering the light incident facet apart by a finite 
length from the tip part of the light incident 
facet, and development performed. In this case, by 
using a substance which is etched with a resist 
developer as the polyimide, the polyimide as an 
organic substance is remained in a mesa shape to the 
position apart by a finite length from the visor 
part as shown in the figure. This figure is a 
schematic diagram showing the state after the resist 
is removed using acetone. 

Even when the single mode fiber is put on' the 
V-shaped groove 199 to be guided to contact against, 
since the tip part of the fiber is stopped by the 
polyimide 2 01, the fiber tip will not hit against 
the light incident facet 191 of the semiconductor 
device. After butting of the fiber, it was fixed 
including between the device and the fiber with 
polyimide (not shown) to fabricate a photo- 
absorption module as a photo-detection device. 
Here, the light incident position in horizontal and 
vertical directions can be almost determined by 
precision of the mask for forming the V-shaped 
groove guide, and positioning in the optical axis 
direction is also possible by butting, high 
precision positioning was possible without 
positioning by delicate mechanical movement of the 
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fiber. When light of wavelength 1,3 Jim was 
introduced/ a large responsivity value of more than 
0 . 9 A/W was obtained at an applied reverse bias of 
1.5 V. Further, since, when a tapered fiber is used 
in place of the single mode fiber to decrease the 
beam size, high precision positioning is similarly 
possible, the photo-absorption part of the device 
can be small-sized to the same level as the focus 
beam size. Therefore, a device capable of making 
ultrafast response by size reduction can be realized 
with a high-coupling state with the fiber, and ' easy 
modular construction be achieved. With a device of 
a photo-absorption area of 10 |im x 20 |iin, 
fabrication of a module capable of making. high speed 
operation of a 3 dB. bandwidth of 40 GHz was possible 
while maintaining high responsivity. 

In the present embodiment, polyimide is 
patterned using a resist as a mask and developing 
with a resist developer, however, patterning of the 
polyimide may be performed by forming a mask such as 
Si02 or a metal and other techniques such as reactive 
ion etching (RIE) by oxygen or the .like or reactive 
ion beam etching (RIBE) . Further, a photo-detection 
device may be fabricated by coating another organic 
substance other than polyimide such as epoxy or the 
like followed by similar patterning, and fixing 
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including between the device and fiber with the same 
substance. Still further, it is needless to say 
that the substance between the device and fiber may 
be any one which has a good transmissivity to 
incident light and a relative index of more than 1, 
selected from organic substances such as various 
polyimides including fluorinated polyimides, various 
epoxies including epoxy resins, fluorinated epoxies, 
fluorinated epoxy acrylate resins, acrylics, 
metamorphic silicone resins, and inorganic 
substances such as chalcogenide glass having a' 
refractive index of more than 2, or a liquid 
substance such as oil. By appropriately selecting 
such various substances, it is possible to change 
the refraction angle at the light incident facet of 
the photo-detector, even when using a refraction 
type semiconductor photo-detector cut from the same 
wafer having the same layer structure and the same 
mesa angle construction, and adjustment of 
responsivity according to the application is 
•possible. 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
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Zn diffusion or an ion implantation method and 
subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yG^xAlyAs {0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs {0<x<l, 0<y<l) and thin Ini-uCSauAsi-vPv 
( 0<u<l , 0<v<l ) disposed thereon . 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
and an n-InP layer at the substrate side, however, a 
p~InP layer can be used by reversing the above p and 
n, and an n-InP or p-InP substrate can also be used 
for the fabrication. 

Yet further, it is needless to say that a 
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material system other than inGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 15 

A fifteenth embodiment of the present invention 
is shown in Fig. 25. 

in the figure, numeral 211 indicates a light 
incident facet, 212 is a 1 fim thick p-InP layer, 213 
is a 1 |im thick InGaAs photo-absorption layer, "214 
is a 1 liia thick n-InP layer, 215 is an n-InP 
substrate, 216 is a p electrode, 217 is an n 
electrode, and 218 is a single mode optical fiber. 

The device has a photo-absorption layer area of 
30 lim X 50 iLim. 

The light incident facet 211 was formed 
utilizing the property that the (111) A plane is* 
formed in reverse-mesa shape as shown in the figure 
in wet etching of a (001) surface wafer with 
bromine -methanol . 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle . 
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After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 |im apart from 
the tip of the angled light incident facet 211. 

When, after forming an anti-reflection coating 
film on the light incident facet, light of 
wavelength 1.3 pm was introduced, a large 
responsivity value of more than 0.8 A/W was obtained 
at an applied reverse bias of 1.5 V. 

In this case, when the single mode fiber 218 was 
roughly brought close to the device, positioned in 
both horizontal and vertical directions, and finally 
the fiber end surface contacted against the device 
as shown in the figure, the fiber could be easily 
positioned. 

Even when contacting against as shown in the 
figure, end surface of the fiber 218 will not 
contact the important light incident facet 211 to 
damage the facet 211, part of the fiber contacting 
the device is an outer peripheral part of clad which 
is not related to the part for guiding light, and 
there is no adverse effect on optical coupling. 

Further, since, when a microlens holder with 
fiber provided with a focusing lens is used in place 
of the single mode fiber, the holder and the device 
can be positioned with good precision in the optical 
axis direction, high precision positioning is 
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possible relatively easily even when the beam size 
is decreased using a lens, the photo-absorption part 
of the device can be small-sized to the same level 
as the focus beam size. 

Therefore, a device capable of making ultrafast 
response by size reduction can be realized. 

With a device of a photo-absorption area of 10 
|im X 20 |Lim, high speed operation of a 3 dB bandwidth 
of 40 GHz was possible while maintaining high 
r espons ivi ty . 

As described above / since the photo-absorption 
part and the fiber can be easily coupled,, and the 
distance from the fiber and the lens holder and the 
like to the light incident facet be determined 
almost precisely with precision of cleavage, a 
module with reduced deviation in characteristic 
could be easily fabricated. 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
foirmed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal . 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
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conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-^GauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using n-InP as the substrate, however, a p- 
InP layer can be used by reversing the above p and 
n, or a semi-insulating InP substrate can also be 
used in fabrication by considering the leading 
method of the electrode . 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
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superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 16 

A sixteenth embodiment of the present invention 
is shown in Fig. 26. 

In the figure, numeral 221 indicates a light 
incident facet, 222 is a 1 |im thick p-InP layer, 223 
is a 1 iJm thick InGaAs photo-absorption' layer , 224 
is a 1 [xm thick n-InP layer, 225 is an n-InP 
substrate, 226 is a p electrode, 227 is an n 
electrode, 228 is a single mode optical fiber, 229 
is a solder bump metal, and 23 0 is a pedestal. 

The device has a photo-absorption layer area of 
30 urn X 50 |im. 

The light incident facet 221 was formed 
utilizing the property that the (111) A plane is 
formed in reverse-mesa shape as shown in the figure 
in wet etching of a (001) surface wafer with 
. bromine-methanol . 
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Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle. 

After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 jUin apart from 
the tip of the angled light incident facet 221. 

After forming an anti^ref lection coating film on 
the light incident facet, in the present embodiment, 
the device is mounted on the pedestal as shown ' in 
the figure using a solder bump metal . 

When light of wavelength 1.3 |Jin was introduced 
by the single mode fiber 22 8, a large responsivity 
value of more than 0.8 A/W was obtained at an 
applied reverse bias of 1.5 V. 

In this case, since optical axis positioning in 
the vertical direction can be adjusted in high 
precision by the thicknesses of the p electrode 22 6 
and the bump metal 229, the fiber can be positioned 
very easily by roughly bringing the single mode 
fiber close the device along the pedestal, 
performing positioning only in the horizontal 
direction, and finally contacting the fiber end 
surface against the device as shown in the figure. 

Even when contacting against as shown in the 
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figure, end surface of the fiber 228 will not 
contact the important light incident facet 221 to 
damage the facet 221, part of the fiber contacting 
the device is an outer peripheral part of clad which 
is not related to the part for guiding light, and 
there is no adverse effect on optical coupling. 

Further, since, when a microlens holder with 
fiber provided with a focusing lens is used in place 
of the single mode fiber, the holder and the device 
can be positioned with good precision in the optical 
axis direction, high precision positioning is 
possible relatively easily even when the beam size 
is decreased using a lens, the photo-absorption part 
of the device can be small-sized to the same level 
as the focus beam size. 

Still further, in this case, it is needless to 
say that height adjustment in the vertical direction 
can be flexibly achieved by inserting an appropriate 
spacer between the electrode and the pedestal. 

Therefore, a device capable of making ultrafast 
response by size reduction can be realized. 

With a device of a photo-absorption area of 10 
|im X 20 |Jiti, high speed operation of a 3 dB bandwidth 
of 40 GHz was possible while maintaining high 
responsivi ty . 

As described above, since the photo-absorption 
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part and the fiber can be easily coupled, and the 
distance from the fiber and the lens holder and the 
like to the light incident facet be determined 
almost precisely with precision of cleavage, a 
module with reduced deviation in characteristic 
could be easily fabricated . 

In the present embodiment, the p electrode has a 
structure of directly contacting the pedestal, 
however, it is needless to say that a lead electrode 
from the p electrode may be provided to another part 
so that this part is contacted with the pedestal for 
performing electrical connection and height 
adjustment . 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal . 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
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layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGaxAlyAs {0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini_uGauAsi-vPv 
(0<u<l/ 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using n-InP as the substrate, however, a p- 
InP layer can be used by reversing the above p and 
n, or a semi - insulating . InP substrate can also be 
used in fabrication by considering the leading 
method of the electrode. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a SAGM (Separate-absorption- 
graded-multiplication) structure or a SAM-SL 
(Separate absorption and multiplication 
superlattice) structure (used in an avalanche 
photodiode) or a semiconductor layer of other 
superlattice structure or the like may be used. 

Yet further, it is needless to say that a 
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material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Embodiment 17 

Fig. 27 is a diagram for describing a 
seventeenth embodiment of the present invention. 
Numeral 241 indicates a light incident facet, 242 is 
a 1 |lm thick p-InP layer, 243 is a 1 pm thick InGaAs 
photo-absorption layer, 244 is a 1 lim thick n-InP 
layer, 245 is an n-InP substrate, 246 is a p 
electrode, 247 is an n electrode, and 248 is a 
single mode optical fiber. The device has a photo- 
absorption layer area of 30 |Lim x 50 |im. The light 
incident facet was formed utilizing the property 
that the (111) A plane is formed in reverse-mesa 
shape as shown in the figure in wet etching of a 
(001) surface wafer with bromine-methanol . 

Since, in this case, reverse-mesa etching is 
performed on the n-InP layer 244 and the InP 
substrate 245 which are composed only of InP, a 
uniform angled light incident facet of good flatness 
can be formed with a good yield. Further, an 
etching mask is formed at a position 8 \im apart from 
the photo-absorption part including the photo- 
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absorption layer, and deep reverse-mesa etching of 
about 30 lim is performed, in this case, side etching 
of about 3 |im occurs, however, the photo-absorption 
part does not contact the side etching part, 
therefore, abnormal side etching, etching 
irregularity or the like caused by relatively fast 
etching speed of the photo-absorption layer will not 
generate. In addition, uniform devices with equal 
mesa angle can be fabricated. 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle. After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 |im apart from 
the tip of the angled light incident facet. When, 
after forming an anti-reflection coating film on the 
light incident facet, light of wavelength 1.3 jiiti was 
introduced by the single mode fiber, a large 
responsivity value of more than 0.8 A/W was obtained 
at an applied reverse bias of 1.5 V. In this case, 
when the single mode fiber was roughly brought close 
to the device, positioned in both horizontal and 
vertical directions, and finally the fiber end 
surface contacted against the device as shown in the 
figure, the fiber could be easily positioned. Even 



- 116 - 



when contacting against as shown in the figure, end 
surface of the fiber will not contact the important 
light incident facet to damage the facet, part of 
the fiber contacting the device is an outer 
peripheral part of clad which is not related to the 
part, for guiding light, and there is no adverse 
effect on optical coupling. 

Further, since, when a microlens holder with 
fiber provided with a focusing lens is used in place 
of the single mode fiber, the holder and the device 
can be positioned with good precision in the optical 
axis direction, high precision positioning is 
possible relatively easily even when the beam size 
is decreased using a lens, the photo-absorption part 
of the device can be small-sized to the same level 
as the focus beam size. Therefore, a device capable 
of making ultrafast response by size reduction can 
be realized. With a device of a photo-absorption 
area of 10 |Ltm X 20 |Lim, high speed operation of a 3 
dB bandwidth of 40 GHz was possible while 
maintaining high responsivity . As described above, 
since the photo-absorption part and the fiber can be 
easily coupled, and the distance from the fiber and 
the lens holder and the like to the light incident 
facet be determined almost precisely with precision 
of cleavage, a module with reduced deviation in 
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characteristic could be easily fabricated. 

In the present embodiment, the p-InP layer at 
the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having 'a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs ( 0<x<l , . 0<y<l ) and thin Ini-uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using n-InP as the 
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substrate, however, a p-InP layer can be used by 
reversing the above p and n, or a semi -insulating 
InP substrate can also be used in fabrication by 
considering the leading method of the electrode. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. Yet further, it is 
needless to say that a material system other than 
InGaAsP/InP such as InGaAlAs/InGaAsP or AlGaAs/GaAs 
system or a material system including a strain may 
be used. 

Embodiment 18 

Fig. 28 is a diagram for describing a eighteenth 
embodiment of the present invention. Numeral 251 
indicates a light incident facet, 252 is' a 1 |im 
thick p-InP layer, 253 is a 0.7 |im thick InGaAs 
photo-absorption layer, 254 is a 1 |Lim thick n-InP 
layer, 255 is an n-InP substrate, 256 is a p 
electrode, 257 is an n electrode, 258 is a single 
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mode optical fiber, and 259 is polyimide. The 
device has a photo-absorption layer area of 30 |im X 
7 0 iLtm. The light incident facet 251 was formed 
utilizing the property that the (111) A plane is 
formed in reverse-mesa shape as shown in the figure 
in wet etching of a (001) surface wafer with 
bromine -methanol . 

Since, in this case, reverse-mesa etching is 
performed on the n-InP layer 254 and the InP 
substrate 2 55 which are composed only of InP, a 
uniform angled light incident facet of good flatness 
can be formed with a good yield. Further, an 
etching mask is formed at a position 8 \im apart from 
the photo-absorption part including the photo- 
absorption layer, and deep reverse-mesa' etching of 
about 30 fim is performed, in this case, side etching 
of about 3 |im occurs, however, the photo-absorption 
part does not contact the side etching part, 
therefore, abnormal side etching, etching 
irregularity or the like caused by relatively fast 
etching speed of the photo-absorption layer will not 
generate. In addition, uniform devices with equal 
mesa angle can be fabricated. 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 



- 120 - 



utilizing adhesion of the etching mask to control 
the angle. After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 \m apart from 
the tip of the angled light incident facet. When 
the single mode fiber was roughly brought close to 
the device, positioned in both horizontal and 
vertical directions, and finally the fiber end 
surface contacted against the device as shown in the 
figure, the fiber could be easily positioned. Even 
when contacting against as shown in the figure, end 
surface of the fiber will not contact the important 
light incident facet to damage the facet, part of 
the fiber contacting the device is an outer 
peripheral part of clad which is not related to the 
part for guiding light, a:nd there is no adverse 
effect on optical coupling. Further, since, when a 
microlens holder with fiber provided with a focusing 
lens is used in place of the single mode fiber, the 
holder and the device can be positioned with good 
precision in the optical axis direction, high 
precision positioning is possible relatively easily 
even when the beam size is decreased using a lens, 
the photo-absorption part of the device can be 
small-sized to the same level as the focus beam 
size. Therefore, a device capable of making 
ultrafast response by size reduction can be 
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realized. As described above, since the photo- 
absorption part and the fiber can be easily coupled, 
and the distance from the fiber and the lens holder 
and the like to the light incident facet be 
determined almost precisely with precision of 
cleavage, a module with reduced deviation in 
characteristic could be easily fabricated. 

Further, in the present embodiment, after the 
single mode fiber is disposed opposite to the light 
incident facet as shown in the figure, the space in 
between is buried in with polyimide having a 
refractive index of 1.7. Still further, an anti- 
reflection coating film is formed on the photo- 
detector and the fiber end surface. When light of 
wavelength 1.55 |Lim was introduced by the single mode 
fiber, a large responsivity value of 1.0 A/W was 
obtained at an applied reverse bias of 1.5 V. The 
layer structure of the photo-detector of the present 
embodiment is designed for enabling high speed 
operation. That is, the photo-absorption layer is 
as thin as 0.7 \xxn, so that the carrier transit time 
is reduced. Yet further, the refraction angle is 
the largest when the medium between the device and 
the fiber is air, therefore, a device length 
required for receiving refracted light can be 
reduced, and the device capacity determined by the 
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device size can be reduced. In the prior art using 
air between the device and fiber, with a module 
having a reduced device size to 10 |LLm x 20 |iin, high 
speed operation of more than a 3 dB bandwidth of 40 
GHz could be confirmed. However, in this module, 
the responsivity was 0.8 A/W. This is because 
absorption in the photo-absorption layer is 
insufficient. Since high speed and responsivity are 
basically in a trade-off relation, a decrease in 
responsivity associated with high speed is 
inevitable to some extent, however, according to the 
present invention, it is possible to change the 
responsivity over a wide range even when the 
absorption layer is decreased in thickness for high 
speed operation. However, the operation speed is 
decreased to some extent by increasing the device 
capacity associated with an increase in photo- 
detector length. 

Fig. 29 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when light of wavelength 1.55 |Llm is incident 
at a mesa angle of 55 degrees. The extension factor 
can be substantially increased by using a material 
having a large ni . In the present embodiment. 
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polyimide' having a refractive index of 1.7 is used, 
the extension factor in this case provides a 41% 
increase relative to air, as a result, the above 
increase in responsivity is obtained- It is 
needless to say that the substance between the 
device and fiber may be any one which has a good 
transmissivity to incident light and a relative 
index of more than 1, selected from organic 
substances such as various polyimides including 
fluorinated polyimides, various epoxies including 
epoxy resins, fluorinated epoxies, fluorinated * epoxy 
acrylate resins, acrylics, metamorphic silicone 
resins, and inorganic substances such as 
chalcogenide glass having a refractive index of more 
than 2, or a liquid substance such as oil. By 
appropriately selecting such various substances, it 
is possible to change the refraction angle at the 
light incident facet of the photo-detector, even 
when using a refraction type semiconductor photo- 
detector cut from the same wafer having the same 
layer structure and the same mesa angle 
construction, and adjustment of responsivity 
according to the application is possible. As to the 
photo-detector, in the present embodiment, the p-InP 
layer at the surface side is formed by crystal 
growth, however, alternatively, an undoped InP layer 
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may be formed in crystal growth, and the conduction 
type of the main part at the surface side be 
determined by Zn diffusion or an ion implantation 
method and subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini^x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs {0<x<l, 0<y<l) and thin Ini_uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using n-InP as the 
substrate, however, a p-InP layer can be used by 
reversing the above p and n, or a semi-insulating 
InP substrate can also be used in fabrication by 
considering the leading method of the electrode. 
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Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Yet further, as to the optical waveguide, a 
single mode optical "fiber is used in the present 
•embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
such as Planar Lightwave Circuit (PLC) or the like 
may be used. 

Yet further, it is needless to say that a hybrid 
integrated construction of mounting a photo-detector 
on PLC may be used. Yet further, it is needless to 
say that the waveguide is not only those based on 
various inorganic materials such as silica-based 
circuit but may be those based on various organic 
materials such as polymer waveguide or plastic 
fiber . 
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Embodiment 19 



Fig, 3 0 is a sectional perspective diagram for 
describing a nineteenth embodiment of the present 
invention. Niomeral 2 61 indicates a light incident 
facet, 2 62 is a 0.2 jim thick p+-InGaAsP layer (1.2 |Jm 
composition) , 263 is a 1 |im thick p-InP layer, 264 
is a 0.5 |im thick InGaAs photo-absorption layer, 265 
is a 1 |Lim thick n-InP layer, 2 66 is a semi- 
insulating InP substrate, 267 is a p electrode,' 268 
is an n electrode, and 269 is a single mode optical 
fiber. A lead electrode and a pad electrode are 
omitted in this figure for simplicity since these 
parts are complicated in structure and intricate to 
be described. The device has a photo-absorption 
layer area of 3 0 |Xtn x 50 |Lim, The light incident 
facet 261 was foinned utilizing the property that the 
(111) A plane is formed in reverse-mesa shape of 
about 55 degrees as shown in the figure in wet 
etching of a (001) surface wafer with bromine- 
met hanol . 

Since, in this case, reverse-mesa etching is 
performed on the InP layer 2 65 and the InP substrate 
2 66 which are composed only of InP, a uniform angled 
light incident facet of good flatness can be formed 
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with a good yield. Further, an etching mask is 
formed at a position 8 (im apart from the photo- 
absorption part including the photo-absorption 
layer, and deep reverse-mesa etching of about 30 lira 
is performed, in this case, side etching of about 3 
|uun occurs, however, the photo-absorption part does 
not contact the side etching part, therefore, 
abnormal side etching, etching irregularity or the 
like caused by relatively fast etching speed of the 
photo-absorption layer will not generate. In 
addition, uniform devices with equal mesa angle can 
be fabricated. 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle . 

An anti-reflection coating film is formed on the 
light incident facet. Right above the main reaching 
area of refracted incident light is terminated with 
air, and the p electrode is formed in outer 
peripheral part of the area. Incident light of 
wavelength 1.55 fim from the lateral side is 
refracted at the light incident facet and transits 
at an angle of 0 = 17.1 degrees relative to the 
upper surface as shown in the figure. In this case. 
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if the refractive index of the semiconductor is 
assximed as 3.17, total reflection occurs when 0 is 
smaller than 71.6 degrees, and the present 
embodiment satisfies this condition. 

In the present embodiment, the p electrode is 
foinned in a ring shape, however, it is needless to 
say that although the overall reflectivity is 
slightly decreased, it may be formed in any 
structure such as a reticulated electrode shape, or 
the upper InP/InGaAsP layer be remained as a high- 
concentration p doped layer to sufficiently decrease 
the sheet resistance, or the p electrode be formed 
in only one side part. In the present embodiment, 
right above the reaching area of incident light is 
terminated with air, however, it may be any of 
inorganic substances such as Si02 or SiNx or organic 
substances such as polyimide or epoxy, which has an 
appropriately smaller refractive index than the 
semiconductor and satisfies the total reflection 
condition ( 0 < cos"i (n2/ni) ; where ni is a refractive 
index of the semiconductor, and n2 is a refractive 
index of the terminating substance) . For example, 
when a polyimide of having a refractive index of 
1.55 is used, 0 may be smaller than 60.7 degrees. 

After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 [m apart from 
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the tip of the angled light incident facet. When 
the single mode fiber 2 69 was roughly brought close 
to the device, positioned in both horizontal and 
vertical directions, and finally the fiber end 
surface contacted against the device as shown in the 
figure, the fiber could be easily positioned. Even 
when contacting against as shown in the figure, end 
surface of the fiber will not contact the important 
light incident facet to damage the facet, part of 
the fiber contacting the device is an outer 
peripheral part of clad which is not related to the 
part for guiding light, and there is no adverse 
effect on optical coupling. Further, since, when a 
microlens holder with fiber provided with a focusing 
lens is used in place of the single mode fiber, the 
holder and the device can be positioned with good 
precision in the optical axis direction, high 
precision positioning is possible relatively easily 
even when the beam size is decreased using a lens, 
the photo-absorption pa.rt of the device can be 
small-sized to the same level as the focus beam 
size. Therefore, a device capable of making 
ultrafast response by size reduction can be 
realized. As described above, since the photo- 
absorption part and the fiber can be easily coupled, 
and the distance from the fiber and the lens holder 
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and the like to the light incident facet be 
determined almost precisely with precision of 
cleavage, a module with reduced deviation in 
characteristic could be easily fabricated. 

When light of wavelength 1.55 fim was introduced 
using the single mode fiber 269, a large 
responsivity value of 0.9 A/W was obtained at an 
applied reverse bias of 1.5 V. The layer structure 
of the photo-detector of the present embodiment is 
designed for enabling high speed operation. That 
is, the photo-absorption layer is as thin as 0:5 |im, 
so that the carrier transit time is reduced. As to 
the photo-detector, in the present embodiment, the 
p-InP layer at the surface side is formed by crystal 
growth, however, alternatively, an undoped InP layer 
may be formed in crystal growth, and the conduction 
type of the main part at the surface side be 
determined by Zn diffusion or an ion implantation 
method and subsequent anneal . 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
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on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs {0<x<l, 0<y<l) and thin Ini_uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using. n-InP as the 
substrate, however, a p-InP layer can be used by 
reversing the above p and n, or a semi -insulating 
InP substrate can also be .used in fabrication by 
.considering the leading method of the electrode. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
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system including a strain may be used. 

Yet further, as to the optical waveguide, a 
single mode optical fiber is used in the present 
embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
such as Planar Lightwave Circuit (PLC) or the like 
may be used. 

Yet further, it is needless to say that a hybrid 
integrated construction of mounting a photo-detector 
on PLC may be used. 

Yet further, it is needless to say that the 
waveguide is not only those based on various 
inorganic materials such as silica-based waveguide 
but may be those based on various organic materials 
such as polymer waveguide or plastic fiber. 

Embodiment 2 0 

Fig. 31 is a sectional perspective diagram for 
describing a twentieth embodiment of the present 
invention. In the figure, same subject matters as 
in Fig. 3 0 are indicated with same reference 
numerals and description thereof is simplified. In 
the figure, numeral 270 indicates polyimide 
(refractive index 1.7). A lead electrode and a pad 
electrode are omitted in this figure for simplicity 



- 133 - 



since these parts are complicated in structure and 
intricate to be described. The device has a photo- 
absorption layer area of 30 \xm x 70 |im. The light 
incident facet 2 61 was formed utilizing the property 
that the (111) A plane is formed in reverse-mesa 
shape of about 55 degrees as shown in the figure in 
wet etching of a (001) surface wafer with bromine- 
met hanol . 

Since, in this case, reverse-mesa etching is 
performed on the InP layer 2 65 and the InP substrate 
266 which are composed only of InP, a uniform angled 
light incident facet 261 of good flatness can be 
formed with a good yield. Further, an etching mask 
is formed at a position 8 |Lim apart from the photo- 
absorption part including the photo-absorption 
layer, and deep reverse-mesa etching of about 3 0 pm 
is perfo2rmed, in this case, side etching of about 3 
ixm occurs, however, the photo-absorption part does 
not contact the side etching part, therefore, 
abnormal side etching, etching irregularity or the 
like caused by relatively fast etching speed of the 
photo-absorption layer will not generate. In 
addition, uniform devices with equal mesa angle can 
be fabricated. 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
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method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle. 

An anti-reflection coating film is fojrmed on the 
light incident facet. Right above the main reaching 
area of refracted incident light is terminated with 
air, and the p electrode 2 67 is formed in outer 
peripheral part of the area. Incident light of 
wavelength 1.55 |iin from the lateral side is 
refracted at the light incident facet 2 61 and 
transits at an angle of <z)= 17.1 degrees relative to 
the upper surface as shown in the figure. In this 
case, if the refractive index of the semiconductor 
is assumed as 3.17, total reflection occurs when 0 
is smaller than 71.6 degrees, and the present 
embodiment satisfies this condition. In the present 
embodiment, the p electrode is formed in a ring 
shape, however, it is needless to say that although 
the overall reflectivity is slightly decreased, it 
may be formed in any structure such as a reticulated 
electrode shape, or the upper InP/InGaAsP layer be 
remained as a high-concentration p doped layer to 
sufficiently decrease the sheet resistance, or the p 
electrode be formed in only one side part. In the 
present embodiment, right above the reaching area of 
incident light is terminated with air, however, it 
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may be any of inorganic substances such as Si02 or 
SiNx or organic substances such as polyimide or 
epoxy, which has an appropriately smaller refractive 
index than the semiconductor and satisfies the total 
reflection condition ( 0 < cos~i (n2/ni) ; where ni is a 
refractive index of the semiconductor, and 112 is a 
refractive index of the terminating substance) . For 
example, when a polyimide of having a refractive 
index of 1.55 is used, 0 may be smaller than 60.7 
degrees . 

After forming the reverse-mesa part, the 
substrate is cleaved at a position 10 |Jm apart from 
the tip of the angled light incident facet. When 
the single mode fiber 2 69 was roughly brought close 
to the device, positioned in both horizontal and 
vertical directions, and finally the fiber end 
surface contacted against the device as shown in the 
figure, the fiber could be easily positioned. Even 
when contacting against as shown in the figure, end 
surface of the fiber will not contact the important 
light incident facet to damage the facet, part of 
the fiber contacting the device is an outer 
peripheral part of clad which is not related to the 
part for guiding light, and there is no adverse 
effect on optical coupling. Further, since, when a 
microlens holder with fiber provided with a focusing 
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lens is used in place of the single mode fiber, the 
holder and the device can be positioned with good 
precision in the optical axis direction, high 
precision positioning is possible relatively, easily 
even when the beam size is decreased using a lens, 
the photo-absorption part of the device can be 
small-sized to the same level as the focus beam 
size. Therefore, a device capable of making 
ultrafast response by size reduction can be 
realized. As described above, since the photo- 
absorption part and the fiber can be easily coupled, 
and the distance from the fiber and the lens holder 
and the like to the light incident facet be 
determined almost precisely with precision of 
cleavage, a module with reduced deviation in 
characteristic could be easily fabricated. 

Further, in the present embodiment, after the 
single mode fiber is disposed opposite to the light 
incident facet as shown in the figure, the space in 
between is buried in with polyimide having a 
refractive index of 1.7. Still further, an anti- 
reflection coating film is formed on the photo- 
detector and the fiber end surface. When light of 
wavelength 1.55 |im was introduced by the single mode 
fiber, a large responsivity value of 1.0 A/W was 
obtained at an applied reverse bias of 1.5 V. The 
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layer structure of the photo-detector of the present 
embodiment is designed for enabling high speed 
operation. That is, the photo-absorption layer is 
as thin as 0,5 |im, so that the carrier transit time 
is reduced. 

Yet further, the refraction angle is the largest 
when the medium between the device and the fiber is 
air, therefore, a device length required for 
receiving refracted light can be reduced, and the 
device capacity determined by the device size can be 
reduced. .In the prior art using air between the 
device and fiber, with a module having a reduced 
device size to 10 jxm X 20 \Xia, high speed operation 
of more than a 3 dB bandwidth of 40 GHz could be 
confirmed. However, in this module, the 
responsivity was 0.8 A/W. This is because 
absorption in the photo-absorption layer is 
insufficient. Since high speed and responsivity aire 
basically in a trade-off relation, a decrease in 
responsivity associated with high speed is 
inevitable to some extent, however, according to the 
present invention, it is possible to change the 
responsivity over a wide range even when the 
absorption layer is decreased in thickness for high 
speed operation. However, the operation speed is 
decreased to some extent by increasing the device 
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capacitance associated with an increase in photo- 
detector length. 

Fig. 2 9 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when light of wavelength 1.55 lim is incident 
at a mesa angle of 55 degrees. The extension factor 
can be substantially increased by using a material 
having a large ni . In the present embodiment, 
polyimide having a refractive index of 1.7 is used, 
the extension factor in this case provides a 41% 
increase relative to air, as a result, the above 
increase in responsivity is obtained. It is 
needless to say that the substance between the 
device and fiber may be any one which has a good 
transmissivity to incident light and a relative 
index of more than 1, selected from organic 
substances such as various polyimides including 
fluorinated polyimides, various epoxies including 
epoxy resins, fluorinated epoxies, fluorinated epoxy 
acrylate resins, acrylics, metamorphic silicone 
resins, and inorganic substances such as 
chalcogenide glass having a refractive index of more 
than 2, or a liquid substance such as oil. By 
appropriately selecting such various substances, it 
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is possible to change the refraction angle at the 
light incident facet of the photo-detector, even 
when using a refraction type semiconductor photo- 
detector cut from the same wafer having the same 
layer structure and the same mesa angle 
construction, and adjustment of responsivity 
according to the application is possible. 

As to the photo-detector, in the present 
embodiment, the p-InP layer at the surface side is 
formed by crystal growth, however, alternatively, an 
undoped InP layer may be formed in crystal growth, 
and the conduction type of the main part at the 
surface side be determined by Zn diffusion or an ion 
implantation method and subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
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semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs (0<x<l/ 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l/ 0<y<l) and thin Ini-uGauAsi_vPv 
(0<u<l, 0<v<l) disposed thereon. Yet further, the 
present embodiment is an example using n-InP as the 
substrate, however, a p-InP layer can be used by 
reversing the . above p and n, or a semi-insulating 
InP substrate can also be used in fabrication by 
considering the leading method of the electrode. 

Yet further, a uniform composition bulk is- used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Yet further, as to the optical waveguide, a 

single mode optical fiber is used in the present 

> 

embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
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such as Planar Lightwave Circuit (PLC) or the like 
may be used. 

Yet further, it is needless to say that a hybrid 
integrated construction of mounting a photo-detector 
on PLC may be used. 

Yet further, it is needless to say that the 
waveguide is not only those based on various 
inorganic materials such as silica-based waveguide 
but may be those based on various organic materials 
such as polymer waveguide or plastic fiber. 

Embodiment 2 1 

A semiconductor photo-detector according to a 
twenty- first embodiment of the present invention is 
shown in Fig. 32. 

In Fig. 32, a lead electrode and a pad electrode 
are omitted for simplicity since these parts are 
complicated in structure and intricate to be 
described. 

This semiconductor photo-detector is a 
refraction type semiconductor photo-detector in 
which a photo-absorption part comprising a 1 inm 
thick n-InP layer 285, a 0.5 \im thick InGaAs photo- 
absorption layer 284, and a 1 Jim thick p-InP layer 
2 83 is successively stacked in this order on a semi- 
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insulating InP substrate 286, and a light incident 
facet 2 81 which is inwardly angled as it separates 
from the surface side is provided on an end surface, 
so that incident light is refracted at the light 
incident facet 2 81 and transits the photo-absorption 
layer 2 84 diagonally .with respect to the layer 
thickness direction. The device has a photo- 
absorption layer area of 30 jim x 50 |Jin. 

The light incident facet 281 was formed 
utilizing the property that the (111) A plane is 
formed in reverse-mesa shape of about 55 degrees as 
shown in the figure in wet etching of a (001) 
surface wafer with bromine-methanol • 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle. An anti-reflection coating film is 
formed on the light incident facet 281. 

Further, in the present embodiment, right above 
the main reaching area of refracted incident light 
in the upper layer of the photo-absorption layer 
284 is terminated with air, and the p electrode 287 
is formed in outer peripheral part of the area 
through the 0.2 |im thick p+-InGaAsP (1.2 |im 
composition) layer 282 . 
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Therefore, incident light of wavelength 1.3 |iin 
from the lateral side is refracted at the light 
incident facet 2 81 and transits at an angle of <j) = 
24.7 degrees relative to the upper surface as shown 
in the figure. 

In this case, if the refractive index of the 
semiconductor is assumed as 3.209, total reflection 
occurs when 0 is smaller than 71.8 degrees, and the 
present embodiment satisfies this condition. 

When light of wavelength 1.3 )Jjn was introduced 
by the single mode fiber, a large responsivity value 
of more than 0.9 A/W was obtained at an applied 
reverse bias of 1.0 V. 

In the case of prior art structure in which the 
p electrode is present on almost the entire upper 
surface, a value of only about 0.7 A/W was obtained. 

In the present embodiment, the p electrode 287 
is formed in a ring shape, however, although the 
overall reflectivity is slightly decreased, it may 
be formed in any structure such as a reticulated 
electrode shape, or the upper InP/InGaAsP layer be 
remained as a high-concentration p doped layer to 
sufficiently decrease the sheet resistance, or the p 
electrode be formed in only one side part. 

Further, when using a tapered fiber in place of 
the single mode fiber to reduce the device size 
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(photo-absorption area 7 |iin x 20 [im, high speed 
operation of 3 dB band 50 GHz was possible while 
maintaining high responsivity. 

In the present embodiment, right above the 
reaching area of incident light is terminated with 
air, however, it may be any of inorganic substances 
such as Si02 or SiNx or organic substances such as 
polyimide or epoxy, which has an appropriately 
smaller refractive index than the semiconductor and 
satisfies the total reflection condition 
( 0 < cos"^ (n2/ni) ; where ni is a refractive index of 
the semiconductor, and na is a refractive index of 
the terminating substance) , 

For example, when a polyimide having a 
refractive index of 1.55 is used, 0 may be smaller 
than 61.1 degrees. 

In the present embodiment, the p-InP layer 2 83 
at the surface side is formed by crystal growth, 
however, alternatively, an undoped InP layer may be 
formed in crystal growth, and the conduction type of 
the main part at the surface side be determined by 
Zn diffusion or an ion implantation method and 
subsequent anneal. 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
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large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini-x-yGa-xAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using semi-insulating InP as the substrate 
and an n-InP layer at the substrate side, however, a 
p-InP layer can be used by reversing the above p and 
n, and an n-InP or p-InP substrate can also be used 
for the fabrication. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, a SAGM 
(Separate-absorption-graded-multiplication) 
structure or a SAM-SL (Separate absorption and 
multiplication superlattice) structure (used in an 
avalanche photodiode) or a semiconductor layer of 
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other superlattice structure or the like may be 
used. 

Yet further, a material system other than 
InGaAsP/InP such as InGciAlAs/InGaAsP or AlGaAs/GaAs 
system or a material system including a strain may 
be used. 

Embodiment 2 2 

Fig. 33 is a sectional perspective diagram for 
describing a twenty-second embodiment of the present 
invention- Numeral 2 91 indicates a light incident 
facet, 292 is a 0.2 |Xm thick p+-InGaAsP layer (1.2 |Ltm 
composition) , 293 is. a 1 |nm thick p-InP layer, 294 
is a 0.5 |im thick InGaAs photo-absorption layer, 295 
is a 1 |nm thick n-InP layer, 2 95 is a semi- 
insulating InP substrate, 297 is a p electrode, 298 
is an n electrode, 299 is a single mode optical 
fiber, and 300 is polyimide (refractive index 1.7). 
A lead electrode and a pad electrode are omitted in 
this figure for simplicity since these parts are 
complicated in structure and difficult to be 
described. The device has a photo-absorption layer 
area of 30 |LimX70|im. The light incident facet 291 
was formed utilizing the property that the (111) A 
plane is formed in reverse-mesa shape of about 55 
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degrees as shown in the figure in wet etching of a 
(001) surface wafer with bromine-methanol . 

Naturally, the reverse-mesa part may be formed 
using another wet etching" liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle. An anti-reflection coating film is 
formed on the light incident facet . Right above the 
main reaching area of refracted incident light is 
terminated with air, and the p electrode 2 97 is 
formed in outer peripheral part of the area. 
Incident light of wavelength 1.55 pm from the 
lateral side is refracted at the light incident 
facet and transits at an angle of 0 = 17 . 1. degrees 
relative to the upper surface as shown in the 
figure. In this case, if the refractive index of 
the semiconductor is assiomed as 3.17, total 
reflection occurs when 0 is smaller than 71.6 
degrees, and the present embodiment satisfies this 
condition. 

In the present embodiment, the p electrode 297 
is formed in a ring shape, however, it is needless 
to say that although the overall reflectivity is 
slightly decreased, it may be formed in any 
structure such as a reticulated electrode shape, or 
the upper InP/InGaAsP . layer be remained as a high- 
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concentration p doped layer to sufficiently decrease 
the sheet resistance, or the p electrode be formed 
in only one side part. 

In the present embodiment, right above the 
reaching area of incident light is terminated with 
air, however, it may be any of inorganic substances 
such as Si02 or SiNx or organic substances such as 
polyimide or epoxy, which has an appropriately 
smaller refractive index than the semiconductor and 
satisfies the total reflection condition 
(0 < cos"i (n2/ni) ; where ni is a refractive index of 
the semiconductor, and n2 is a refractive index of 
the terminating substance) . For example, when a 
polyimide having a refractive index of 1.55 is used, 
0 may be smaller than 60.7 degrees. 

Further, in the present embodiment, after the 
single mode fiber is disposed opposite to the light 
incident facet as shown in the figure, the space in 
between is buried in with polyimide having a 
refractive index of 1.7. Still further, an anti- 
reflection coating film is formed on the photo- 
detector and the fiber end surface. When light of 
wavelength 1.55 Jim was introduced by the single mode 
fiber, a large responsivity value of 1.0 A/W was 
obtained at an applied reverse bias of 1.5 V. The 
layer structure of the photo-detector of the present 
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embodiment is designed for enabling high speed 
operation. That is, the photo-absorption layer is 
as thin as 0,5 |Ltm, so that the carrier transit time 
is reduced. Yet further, the refraction angle is 
the largest when the medium between the device and 
the fiber is air, therefore, a device length 
required for receiving refracted light can be 
reduced, and the device capacity deteirmined by the 
device size can be reduced. In the prior art using 
air between the device and fiber, with a module 
having a reduced device size to 10 |LLm x 20 |iin, high 
speed operation of more than a 3 dB bandwidth of 40 
GHz could be confirmed. However, in this module, 
the responsivity was 0.8 A/W. This is because 
absorption in the photo-a:bsorption layer is 
insufficient. Since high speed and responsivity are 
basically in a trade-off relation, a decrease in 
responsivity associated with high speed is 
inevitable to some extent, however, according to the 
present invention, it is possible to change the 
responsivity over a wide range even when the 
absorption layer is decreased in thickness for high 
speed operation. However, the operation speed is 
decreased to some extent by increasing the device 
capacitance associated with an increase in photo- 
detector length. 
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Fig. 34 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when light of wavelength 1.55 lim is incident 
at a mesa angle of 55 degrees. The extension factor 
can be substantially increased by using a material 
having a large ni . In the present embodiment, 
polyimide having a refractive index of 1.7 is used, 
the extension factor in this case provides a 41% 
increase relative to air, as a result, the above 
increase in responsivity is obtained. It is 
needless to say that the substance between the 
device and fiber may be any one which has a good 
transmissivity to incident light and a relative 
index of more than 1, selected from organic 
substances such as various polyimides including 
fluorinated polyimides, various epoxies including 
epoxy resins, fluorinated epoxies, fluorinated epoxy 
acrylate resins, acrylics, metamorphic silicone 
resins, and inorganic substances such as 
chalcogenide glass having a refractive index of more 
than 2, or a liquid substance such as oil. By 
appropriately selecting such various substances, it 
is possible to change the refraction angle at the 
light incident facet of the photo-detector, even 
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when using a refraction type semiconductor photo- 
detector cut from the same wafer having the same 
layer structure and the same mesa angle 
construction, and adjustment of responsivity 
according to the application is possible. 

As to the photo-detector, in the present 
embodiment, the p-InP layer at the surface side is 
formed by crystal growth, however, alternatively, an 
undoped InP layer may be formed in crystal growth, 
and the conduction type of the main part at the 
surface side be determined by Zn diffusion or an ion 
implantation method and subsequent anneal . 

Further, as the semiconductor photo-detector 
part, on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
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height comprising Ini_x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini-uGauAsi_vPv 
{0<u<l/ 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using n-InP as the substrate, however, a p- 
InP layer can be used by reversing the above p and 
n, or a semi-insulating InP substrate can also be 
used in fabrication by considering the leading 
method of the electrode. Yet further, a uniform 
composition bulk is used here as the photo- 
absorption layer, however, it is needless to say 
that a Separate-absorption-graded-multiplication 
(SAGM) structure or a Separate absorption and 
multiplication super.lattice (SAM-SL) structure (used 
in an avalanche photodiode) or a semiconductor layer 
of other superlattice structure or the like may be 
used. Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGstAs/GaAs system or a material 
system including a strain may be used. 

Yet further, as to the optical waveguide, a 
single mode optical fiber is used in the present 
embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
such as Planar Lightwave Circuit (PLC) or the like 
may be used. 
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Yet further, it is needless to say that a hybrid 
integrated construction of mounting a photo-detector 
on PLC may be used. 

Yet further, it is needless to say that the 
waveguide is not only those based on various 
inorganic materials such as silica-based waveguide 
but may be those based on various organic materials 
such as polymer waveguide or plastic fiber. 

Embodiment 23 

A semiconductor photo-detection device according 
to a twenty-third embodiment of the present 
invention is shown in Fig. 35* 

In this semiconductor photo-detection device, as 
shown in Fig. 35, a light incident facet 311 of a . 
refraction type semiconductor photo-detector and a 
single mode optical fiber 318 are disposed opposite 
to each other, and space in between is buried in 
with polyimide 319. 

The refraction type semiconductor photo-detector 
has a structure in which a 1 |im thick p-InP layer 

312, a 0.7 piti thick InGaAs photo-absorption layer 

313, and a 1 urn thick n-InP layer 314 are stacked on 
an n-InP substrate 315 to form a semiconductor 
multilayer structure, and an end surface of which is 



- 154 - 



provided with an inwardly angled light incident 
facet 311 so that incident light transits the photo- 
absorption layer diagonally. Further, a p electrode 
316 and an n electrode 317 are provided on upper and 
lower surfaces of the device. The device has a 
photo-absorption layer area of 30 fim x 70 ^im. 

The light incident facet 311 was formed 
utilizing the property that the (111) A plane is 
formed in reverse-mesa shape of about 55 degrees as 
shown in the figure in wet etching of a (001) 
surface wafer with bromine-methanol . 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or 
utilizing adhesion of the etching mask to control 
the angle . 

Refractive index of polyimide 319 for filling 
between the single mode optical fiber 318 and the 
light incident facet 311 is greater than 1, which is 
about 1.7. 

Further, an anti-reflection coating film is 
formed on the photo-detector and the fiber end 
surface . 

When light of wavelength 1.55 |im was introduced 
by the single mode fiber 318, a large responsivity 
value of 1.0 A/W was obtained at an applied reverse 
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bias of 1.5 V. 

Still further, the layer structure of the photo- 
detector of the present embodiment is designed for 
enabling high speed operation. 

That is, the photo-absorption layer is as thin 
as 0.7 |iin, so that the carrier transit time is 
reduced. 

Yet further, the refraction angle is the largest 
when the medium between the device and the fiber is 
air, therefore, a device length required for 
receiving refracted light can be reduced, and the 
device capacitance determined by the device size can 
be reduced. 

In the prior art using air between the device 
and fiber, with a module having a reduced device 
size to 10 X 20 [ixa, high speed operation of more 
than a 3 dB bandwidth of 40 GHz could be confirmed. 

However, in this module, the responsivity was 
0.8 A/W. This is because absorption in the photo- 
absorption layer 313 is insufficient. 

Since high speed and responsivity are basically 
in a trade-off relation, a decrease in responsivity 
associated with high speed is inevitable to some 
extent, however, according to the present invention, 
it is possible to change the responsivity over a 
wide range even when the absorption layer is 



decreased in thiclcness for high speed operation. 

However/ the operation speed is decreased to 
some extent by increasing the device capacitance 
associated with an increase in photo-detector 
length . 

Fig. 3 6 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when light of wavelength 1.55 fiiti is incident 
at a mesa angle of 55 degrees. 

The extension factor, as shown in Fig. 37 which 
is an enlarged diagram of the light incident facet 
part/ is given by l/sin0 as an extension factor of 
an effective absorption length teff to an absorption 
layer thickness t, where 0 is an angle of refracted 
light to the absorption layer. 

Therefore, it can be seen that the extension 
factor can be substantially increased by using a 
material having a large ni . 

In the present embodiment, polyimide having a 
refractive index of 1.7 is used, the extension 
factor in this case provides a 41% increase relative 
to air, as a result, the above increase in 
responsivity is obtained. 

The substance between the device and fiber may 
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be any one which has a good transmissivity to 
incident light and a relative index of more than 1, 
selected from organic substances such as various 
polyimides including fluorinated polyimides, various 
epoxies including epoxy resins, fluorinated epoxies, 
fluorinated epoxy acrylate ' resins , acrylics, 
metamorphic silicone resins, and inorganic 
substances such as chalcogenide glass having a 
refractive index of more than 2, or a liquid 
substance such as oil . 

By appropriately selecting such various 
substances, it is possible to change the refraction 
angle at the light incident facet of the photo- 
detector, even when using a refraction type 
semiconductor photo-detector cut from the same wafer 
having the same layer structure and the same mesa 
angle construction, and adjustment- of responsivity ' 
according to the application is possible. 

As to the photo-detector, in the present 
embodiment, the p-InP layer at the surface side is 
formed by crystal growth, however, alternatively, an 
undoped InP layer may be formed in crystal growth, 
and the conduction type of the main part at the 
surface side be determined by Zn diffusion or an ion 
implantation method and subsequent anneal. 

Further, as the semiconductor photo-detector 
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part/ on a semiconductor layer having a first 
conduction type, a multilayer structure having a 
large schottky-barrier height opposing a schottky 
electrode which has a schottky-barrier higher than 
the schottky barrier between the photo-absorption 
layer and the schottky electrode may be constructed 
on the substrate, between the photo-absorption layer 
comprising an intrinsic or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple cjuantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yG^xAlyAs {0<x<l, 0<y<l) and thin Ini-uGauAsi-v^v 
{0<u<l, 0<v<l) disposed thereon. 

Yet further, the present embodiment is an 
example using n-InP as the substrate, however, a p- 
InP layer can be used by reversing the above p and 
n, or a semi-insulating InP substrate can also be 
used in fabrication by considering the leading 
method of the electrode. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, a SAGM 
(Separate-absorption-graded-multiplication) 
structure or a SAM-SL (Separate absorption and 
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multiplication superlattice) structure (used in an 
avalanche photodiode) or a semiconductor layer of 
other superlattice structure or the like may be 
used. 

Yet further, a material system other than 
InGaAsP/InP such as InGaAlAs/InGaAsP or AlGaAs/GaAs 
system or a material system including a strain may 
be used. 

Yet further, as to the optical waveguide, a 
single mode optical fiber is used in the present 
embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
such as Planar Lightwave Circuit (PLC) or the like 
may be used. 

Yet further, a hybrid integrated construction of 
mounting a photo-detector on PLC may be used. 

Yet further, the waveguide is not only those 
based on various inorganic materials such as silica- 
based waveguide but may be those based on various 
organic materials such as polymer waveguide or 
plastic fiber. 

Embodiment 2 4 

Fig. 3 8 is a diagram for describing a twenty- 
fourth embodiment of the present invention. Numeral 
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321 indicates a light incident facet, 322 is a 1 |im 
thick p-InP layer, 323 is a 0.7 urn thick InGaAs 
layer, 324 is a 1 thick n-InP layer, 325 is an n- 
InP substrate, 326 is a p electrode, 327 is an n 
electrode, 328 is a single mode optical fiber, and 
32 9 is polyimide. The device has a photo-absorption 
layer area of30(iinX70|Jiti. The light incident 
facet was formed utilizing the property that the 
(111) A plane is formed in reverse-mesa shape of 
about 55 degrees as shown in the figure in wet 
etching of a (001) surface wafer with bromine-- 
methanol . 

Since, in this case, reverse-mesa etching is 
performed on the n-inP layer 324 and the InP 
substrate 32 5 which are composed only of InP, a 
uniform angled light incident facet of good flatness 
can be formed with a good yield. Further, an 
etching mask is formed at a position 8 |Lim apart from 
the photo-absorption part including the photo- 
absorption layer, and deep reverse-mesa etching of 
about 3 0 fiiri is performed, in this case, side etching 
of about 3 ixxa occurs, however, the photo-absorption 
part does not contact the side etching part, 
therefore, abnormal side etching, etching 
irregularity or the like caused by relatively fast 
etching speed of the photo-absorption layer will not 
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generate. In addition, uniform devices with equal 
mesa angle can be fabricated. 

Naturally, the reverse-mesa part may be formed 
using another wet etching liquid or a dry etching 
method, or utilizing other crystal plane, or • 
utilizing adhesion of the etching mask to control 
the angle. After the single mode fiber is disposed 
opposite to the light incident facet as shown in the 
figure, the space in between is buried in with 
polyimide having a refractive . index of 1.7.- 

Further, an anti-reflection coating film is 
formed on the photo-detector and the fiber end 
surface. When light of wavelength 1.55 \im was 
introduced by the single mode fiber, a large 
responsivity value of 1.0 A/W was obtained at an 
applied reverse bias of 1*5 V. 

Still further, the layer structure of the photo- 
detector of the present embodiment is designed for 
enabling high speed operation. That is, the photo- 
absorption layer is as thin as 0.7 pm, so that the 
carrier transit time is reduced. 

Yet further, the refraction angle is the largest 
when the medium between the device and the fiber is 
air, therefore, a device length required for 
receiving refracted light can be reduced, and the 
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device capacitance determined by the device size can 
be reduced. In the prior art using air between the 
device and fiber, with a module having a reduced 
device size to 10 |LLm x 20 |Lim, high speed operation 
of more than a 3 dB bandwidth of 40 GHz could be 
confirmed. However, in this module, the 
responsivity was 0.8 A/W. This is because 
absorption in the photo-absorption layer is 
insufficient. Since high speed and responsivity are 
basically in a trade-off relation, a decrease in 
responsivity associated with high speed is 
inevitable to some extent, however, according to the 
present invention, it is possible to change the 
responsivity over a wide range even when the 
absorption layer is decreased in thickness for high 
speed operation. However, the operation speed is 
decreased to some extent by increasing the device 
capacitance associated with an increase in photo- 
detector length. 

Fig, 3 6 shows a calculation result in InP of 
extension factor to absorption layer thickness of 
effective absorption length relative to refractive 
index (ni) of the substance between the device and 
fiber when, as described above, light of wavelength 
1.55 jim is incident at a mesa angle of 55 degrees. 
The extension factor can be substantially increased 
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by using a material having a large ni . In the 
present embodiment, polyimide having a refractive 
index of 1.7 is used, the extension factor in this 
case provides a 41% increase relative to air, as a 
result, the above-described increase in responsivity 
is obtained. It is needless to say that the 
substance between the device and fiber may be any 
one which has a good transmissivity to incident 
light and a relative index- of more than 1, selected 
from organic substances such as various polyimides 
including fluorinated polyimides, various epoxies 
including epoxy resins, fluorinated epoxies, 
fluorinated epoxy acrylate resins, acrylics, 
metamorphic silicone resins, and inorganic 
substances such as chalcogenide glass having a 
refractive index of more than 2, or a liquid 
substance such as oil. By appropriately selecting 
such various substances, it is possible to change 
the refraction angle at the light incident facet of 
the photo-detector, even when using a refraction 
type semiconductor photo-detector cut from the same 
wafer having the same layer structure and the Scime 
mesa angle construction, and adjustment of 
responsivity according to the application is 
possible. 

As to the photo-detector, in the present 
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embodiment/ the p-InP layer at the surface side is 
formed by crystal growth / however, alternatively, an 
undoped InP layer may be fointied in crystal growth, 
and the conduction type of the main part at the 
surface side be determined by Zn diffusion or an ion 
implantation method and subsequent anneal. Further, 
as the semiconductor photo-detector part, on a 
semiconductor layer having a first conduction type, 
a multilayer structure having a large schottky- 
barrier height opposing a schottky electrode which 
has a schottky-barrier higher than the schottky 
barrier between the photo-absorption layer and the 
schottky electrode may be constructed on the 
substrate, between the photo-absorption layer 
comprising an intrinsic -or first conduction type 
semiconductor layer, a superlattice semiconductor 
layer, or a multiple quantum well semiconductor 
layer and the schottky electrode, and a 
semiconductor photo-detector may be constructed with 
the semiconductor layer of large schottky barrier 
height comprising Ini_x-yGaxAlyAs (0<x<l, 0<y<l) or 
Ini-x-yGaxAlyAs (0<x<l, 0<y<l) and thin Ini_uGauAsi-vPv 
(0<u<l, 0<v<l) disposed thereon. 

Yet further, the .present embodiment is an 
example using n-InP as the substrate, however, a p- 
InP layer can be used by reversing the above p and 



n, or a semi -insulating InP substrate can also be 
used in fabrication by considering the leading 
method of the electrode. 

Yet further, a uniform composition bulk is used 
here as the photo-absorption layer, however, it is 
needless to say that a Separate-absorption-graded- 
multiplication (SAGM) structure or a Separate 
absorption and multiplication superlattice (SAM-SL) 
structure (used in an avalanche photodiode) or a 
semiconductor layer of other superlattice structure 
or the like may be used. 

Yet further, it is needless to say that a 
material system other than InGaAsP/InP such as 
InGaAlAs/InGaAsP or AlGaAs/GaAs system or a material 
system including a strain may be used. 

Yet further, as to the optical waveguide, a 
single mode optical fiber is used in the present 
embodiment, however, alternatively, a lensed fiber, 
a tapered fiber, a silica-based waveguide circuit 
such as Planar Lightwave Circuit (PLC) or the like 
may be used. 

Yet further, it is needless to say that a hybrid 
integrated construction of mounting a photo-detector 
on PLC may be used. 

Yet further, it is needless to say that the 
waveguide is not only those based on various 
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inorganic materials such as silica-based waveguide 
but may be those based on various organic materials 
such as polymer waveguide or plastic fiber. 

The present invention has been described in 
detail with respect to preferred embodiments, and it 
will now be apparent from the foregoing to those 
skilled in the art that changes and modifications 
may be made without departing from the invention in 
its broader aspects, and it is the intention, 
therefore, in the appended claims to cover all such 
changes and modifications as fall within the true 
spirit of the invention. 
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